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LOI CAM DOAN

To6i xin cam doan dé tai nghién citu trong luan vin nay la cong trinh
nghién cttu do téi thye hién dudi sy huéng dan cta TS. Cao Van Son va PGS.
TS Nguyén Thi Hong Van. Cac két qua, so6 lieu do chinh toi lam viec va xit
Iy do d6 cac két qua nghién ctu ddm bdo trung thuc va khach quan nhat.
Dong thai, cac két qua co6 trong luan van “Twm vi tri géc bat phan cia goc
tron lepton 03 vdi thi nghiém Hyper-Kamiokande va dnh hudng cia né dén
phép do vi pham doi ziing CP” 13 cac két qua mdi va khong trung lap véi bat
ctt mot nghién citu ndo duge cong bo trude do. Céc so lieu, két qua néu trong

luan van 13 trung thyc néu sai toi hoan toan chiu trach nhiém.

Ha Noi, ngay thang nam 2021

Phan T6 Quyén
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L.OI CAM ON

Dau tién, t6i mudn gii 161 cAm on chan thanh va sau sic nhat dén TS.
Cao Van Son va PGS.TS. Nguyén Thi Hong Van 1 thay gido va co gido huéng
dan toi thyc hién dé tai luan van nay. Thay va co 14 ngudi da dinh huéng cong
viéc, trau doi cho toi cac kién thitc chuyén mon, ki nang nghién citu, tao moi
diéu kien thuan lgi nhat dé toi hoan thanh luan vin véi cac két qua tot nhat.

T6i xin cdm on dén Hoc vién Khoa hoc va Cong nghé da tao diéu kién va
hé trg cac cong viec hanh chinh dé toi c6 thé hoan thanh céc thi tuc va bao
vé ding thoi han. Toi ciing gii 161 cAm on dén Trung tam Vat 1y 1y thuyét,
Vien Vat ly da gitap da, tao dieu kién va moi trudng lam viéc thuan lgi nhat
cho t6i trong sudt thoi gian hoc tap va lam viéc tai Ha Noi. Toi xin gii 161 cdm
on dén Vién nghién citu Khoa hoc va Gido duc lien nganh (IFIRSE, ICISE,
Viét Nam) vad nhém Vat 1y neutrino da giap dé toi trong sudt thoi gian lam
viéc véi nhéom. Bén canh d6, t6i ciing mudn gii 10i cAm on dén ThS. Tran Van
Ngoc, ThS. Ankur Nath da tan tinh chi day va chia sé ciing to6i nhitng van dé
khé khan trong hoc tap va trong cudc song.

Cudi cuing to6i xin phép gii 161 cdm on dén gia dinh vA ban be da luon

quan tam, giip dd va dong vien to6i trong sudt quiang dudng hoc tap vita qua.
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MO DAU

Ly do chon dé tai

Neutrino 13 mot thuc thé ton tai phd bién trong tir nhién, cé vai trdo quan
trong trong sy hinh thanh va tién trién ctia thé gisi vat chat, 1a chia khoéa dé
tim ra dau hiéu vi pham vat chat va phan vat chat trong Vii Tru. Viéc nghién
cttu vat 1y neutrino tré thanh dé tai nghién citu thu vi thu hut sy quan tam
clia cac nha nghién cttu trong nudc va cdc nudc trén thé gidi. Phat hieén cta thi
nghiém Super-Kamiokande (Super-K) nam 1998 [1] vé hién tugng dao dong
neutrino tit khi quyén da cung cap bing ching thuc nghiém quan trong chi
ra diém han ché ctia Mo hinh chuan (SM). Viéc tim hiéu cac tinh chat clia
neutrino vi vay gitp dat nén méng quan trong cho su phét trién cac mo hinh
sau SM va cac thi nghiém tiép theo.

Neutrino la cac hat co ban tuong tir nhu electron, quark va photon nhung
c6 khoi Iuong rat nhé ¢6 1 phan ty khoi lugng proton. Tuy nhién, mat do cla
neutrino trong Vii Tru la rat 16n, khoang 330 hat trén cm?, 16n thi hai trong
Vit Tru chi sau photon va 16n gap mot ty lan mat do ctia proton. Neutrino 13
hat fermion c6 spin ban nguyén, khong c6 dién tich, chi tham gia hai trong
s6 4 tuong tac co ban ma ching ta biét dén: tuong tac yéu va tuong tac hap
dan. Tuy nhién khéi lugng neutrino 1a rat nhé do dé ngudi ta thuong bd qua
viec xét dén tuong tac hap dan. C6 3 loai hat neutrino bao gom neutrino vi
electron v,, neutrino vi muon v,, va neutrino vi tau v,. U’ng v6i moi neutrino
ton tai mot phan neutrino tuong ing mang spin ban nguyén va trung hoa veé

dién. Trong truong hgp neutrino la hat Majorana, neutrino va phan neutrino



1a mot. Neutrino ton tai xung quanh ching ta tit khi quyén, Mat Troi, tit cac
phan ra beta ctia cac hat nhan nguyén ti hoiac cac hadron, cac phan ting hat
nhan, trong 16i cac ngoi sao,... va viéc nghién cttu neutrino c6 vai tro rat thiét
thuc. N6 cho ta quan sat qué trinh hoat dong bén trong ctia 1o phan tng hat
nhan, cho ta thong tin vé cac thién ha xa x6i ciing nhu lich st ctia Vii Tru,
giup ta nghién citu 16i cac ngoi sao cing nhu Mat Troi. Tuy nhién neutrino
tuong tac rat yéu véi vat chat. Vi duy, cac neutrino tao ra trong Lo phéan ting
hat nhan vé6i nang lugng E, ~ 1 MeV c6 tiét dien tan xa o ~ 1074 cm?,
tuong ng véi xac suidt ~ 1071® dé c6 tuong tac neutrino véi may do co6 do
day 1m hosic xac suat ~ 107! dé c6 tuong tac xay ra béen trong Trai Dat
doc theo qui dao di qua tam ctia né. Trong khoang thoi gian song clia mot
ngudi, sd lugng neutrino tuong tac véi co thé chung ta chi khoang vai hat
trong khi moéi gidgy c¢6 khoang 9 nghin ti hat neutrino tir Mat Troi di qua long
ban tay ma chiing ta khong hé hay biét. Neutrino c6 thé di xuyén qua cac ngoi
sao, hanh tinh v& chu du trong Vii Tru ma rat it bi can trd. Cac thi nghiem
neutrino noi tiéng trén thé gisi hien nay nhu T2K, NOvA, MINOS, ICARUS,
Double-CHOOZ,... da va dang nd luc trong viéc tim hiéu sau hon vé cac tinh
chat ctia neutrino. Bao gom viéc tim kiém dau hiéu bat déi xing gitta vat chat
va phan vat chat trong Vi Truy, thi tu bac khoéi luong clia neutrino... thong
qua cac phép do dao dong neutrino. Dao dong neutrino 1a hién tuwgng co hoc
luong t& ma & dé neutrino cé thé thay doi vi trong qua trinh di chuyén trong
khong gian. Trong d6, moi quan hé gitta cac trang thai vi riéeng va trang thai
rieng khéi lugng duge tham s6 héa qua 4 tham sb6 dao dong bao gom 3 goc
tron (012,613, 6023) va pha Dirac dcp 1a dai lugng dic trung cho dau hieu vi
pham déi xitng bao gom doi xiing lién hgp dién tich (C) vad ddo nguge chén 1¢
(P) hay viét tat 1a vi pham déi xiing CP trong phan hat lepton . Khi d6 xéc
suat dao dong 14 mot ham cac tham s6 dao dong bao gom 4 tham sb trén va
cac higu binh phuong khéi lugng (Am3,, Am3, trong d6 Am3; = m7 —m3),
quang dudng ma neutrino di chuyén va nang lugng neutrino. Bang viéc lien
tuc cai tién vA nang cap cac hé théong miy do, nguon neutrino c6 cuong do

16n, cac thi nghiem dén thoi diém hién tai di mang lai nhitng hiéu biét co



ban vé gia tri cac tham sé dao dong. Cu thé, cac goc tron 6o va b3 dude xac
nhan 1a 16n (so v6i cac géc tron trong ma tran tron ctia cac hat quark hay
con goi 1a ma tran CKM) trong d6 6a3 c6 gia tri gan véi gia tri w/4 (& d6 xac
suat xuat hién neutrino vi electron 1a cyc dai), 613 ¢6 gia tri nhoé nhung khac
khong, |Am3,| 16n gap 30 1lan Am3,. Gia tri cac tham s6 dao dong thu dugc
gan day nhat da dugce cap nhat trong tai lieu [2]. Tuy nhién, bic tranh vat 1y
vé neutrino van chua dugc hoan chinh vi vAn con mot s6 cau héi xoay quanh
chua dugce giai dap thoa dang:

1. Gia tri pha phéa v& ddi xtiing CP trong phan lepton dcp 14 bao nhiéu?
Théang 4/2020, T2K da cong b6 két qua dang luu y trén tap chi Nature vé dau
hiéu pha vé doi xiing CP trong dao dong neutrino ¢ mic do tin cay 95% |[3].
Néu cac két qua nay dude xac nhan tir dit lieu clia cac thi nghiém trong tuong
lai, dau hiéu vi pham nay cé thé chi ra cach giai thich vé viéc vat chat dugc
hinh thanh nhiéu hon phan vat chat trong Vit Tru clia chiing ta nhu thé nao.
Tuy nhién, gia tri chinh xac clia dcp 1& bao nhiéu, diéu nay can phai them sé
lieu méi khing dinh dugc.

2. Thtt ti phan bac khéi lugng clia ba trang thai rieng khoi lugng 13 nhu
thé nao? Sy phan bac khéi lugng (MH) 1a phan bac khéi lugng thuan (NH)
(ms > mg > my) hay phan bac nghich ddo (IH) (mg > mq > mg3)?

3. 023 c6 chinh xdc bang 7/4 hay khong? Néu khong thi vi tri géc bat
phan: o3 > m/4 hay a3 < w/47

Trong luan van nay, ching toi tap trung tim hiéu va gidi quyét cau hoi
thit ba vé van dé xac dinh goc bat phan ctia 63 va khdo sat anh hudng clia
n6 dén van dé thit nhat vé phép do vi pham déi xting CP. Dé do cac tham sb
dao dong, thic nghiém veé co ban 1 do xac suat dao dong tit do trich xuat gia
tri cac tham s6. Goc tron 63, dua trén cac dit lieu thu dude, c6 gia tri gan
v6i gia tri /4. Néu 6y3 thie sy biang /4 thi mot s6 an s6 vé sy dbi xing giita
thé hé lepton thtt 2 va thé he thit 3 sé dugc tiét 16. Tuy nhién, néu a3 # 7/4
thi ta khong thé biét chinh xac liéu f23 & ndm trong viing nhé hon /4 hay
16n hon 7/4 vi 2 gia tri khac nhau clia 623 ndm trong 2 ving nay cho ta cling

mot gid tri xac sudt (tinh chat géc bat phan clia fa3). Va néu a3 duge xac



dinh chinh x4c, diéu nay sé gitp ting do nhay cho phép do vi pham déi xing
CP mot cach ro rang hon. Béi vay viéc xac dinh vi tri géc bat phan cta 63
13 mot dé tai thd vi ma ching t6i quan tam. Cac thi nghiém hién tai dang
hoat dong nhu T2K va NOvA c6 kha nang do duge 023 v6i do chinh xac cao
tuy nhién van ton tai nhitng han ché nhat dinh vé mit y nghia théng ke. Thi
nghiem Hyper-Kamiokande (viét t&t 1a Hyper-K) [4] 13 mot trong nhiing thi
nghiém 16n nhat tai Nhat Ban da bat dau xay dung tit nam 2020 va du kién
lay dit lieu tit nam 2027, 13 mot thé hé tiép ndi day tiem ning clia cac thi
nghiém dudng co sé dai véi nhiéu kham phé vat 1y day trién vong. Véi kich
thude 16n (hinh try, véi duong kinh 60m va chiéu sau 74m c6 stic chita 258
nghin tan nudc siéu sach, 16n gap ~8.4 lan so vé6i thi nghieém Super-K), thi
nghiém Hyper-K c6 do nhay cao trong viéc do gbéc tron 6s3. Trén co sé do
chting t6i chon van dé nghién citu “Tim vi tri géc bat phan cta géc tron
lepton 653 v6i thi nghiém Hyper-Kamiokande va anh hudng cia né
dén phép do vi pham déi xing CP” nhim buéc dau xay dung céc co s6
hién tugng luan cho viéc xac dinh va cai thién kha nang do goc tron 023 mot
cach chinh x4c hon trong thi nghiem Hyper-K. Ching toi hy vong cic két qua
thu dudc sé 1a co s6 va nguon tai lieu can thiét gép phan trong viéc xac dinh
cidc tham s6 trong ma tran tron véi do chinh xac cao va dude st dung trong

cac thi nghiém hién tai va du kién trong tuong lai.

Muc dich nghién ciu

e Nghién cttu kha nang cai thien do nhay géc bat phan ctia tham sb tron
lepton 053 trong thi nghiém Hyper-K. St dung mo hinh dao dong 3 trang
thai neutrino dang dugce chap nhan rong rai nhat trong gidi vat Iy (mo
hinh PMNS) dé giai thich cic s6 lidu tit cac thi nghiém neutrino. T
do, xay dung cac phuong phap cai thién van dé géc bat phan ctia thi
nghiém va xay dung dai lugng vat 1y dic trung cho dé nhay phép do 623

trong cac thi nghiém dao dong neutrino.

e Khao sat anh hudng ctia kha nang xac dinh va cai thién géc bat phan 053



d6i véi phép do pha pha va ddi xiing CP (d¢p) trong dao dong neutrino.
Xay dung dai lugng vat 1y dac trung cho dé nhay ctia phép do dcp trong

sy suy bién v6i goc tron Oas3.

No6i dung nghién ciu

e Tong quan vé SM va neutrino trong SM. Van dé khéi lugng va cac tuong

tac cua neutrino trong SM.

e Dao dong neutrino va phép do cic tham s6 dao dong trong thiyc nghiém
trong d6 tap trung vao tinh chat géc bat phan ciia 093 va do nhay clia

cac mau so lieu thye nghiem déi véi sy suy bién clia 0a3.

e Xay duyng mo hinh mo phéng thi nghiem Hyper-K s dung phan mém
GLoBES.

e Khio sat do nhay ctia phép do a3 trong thi nghiem Hyper-K bao gom
vi tri géc bat phan va cach cai thién do chinh xac trong phép do gbc
bat phan 3. Tim dai lugng vat 1y mo ta cho do nhay ciia thi nghiém

déi v6i phép do O3 va tinh toan dai luong do véi dit lieu thuc cltia T2K.

e Khaio sat anh huéng trong do nhay ctia phép do dcp do su suy bién véi

phép do 03 va tim dai luong vat Iy mo td moéi quan he.

Co s khoa hoc va tinh thuc tién cta dé tai

Xuat phat tit phép do xac suat dao dong trong cic thi nghiém neutrino
v6i dudng co sé dai. Viec do gia tri clia goc tron O3 dudge suy ra tit xac suat
dao dong ciia neutrino vi muon dugc tao ra tit nguon. Cac xac suat neutrino
vi electron xudt hien P(v, — v.) va xdc sudt neutrino vi muon bién mat
P(v, — v,) déu dugc st dung dé tinh toan gia tri clia fs3. Tuy nhién, mau
s0 lieu voi kenh dao dong neutrino vi muon bién mat v, — v, cho ta gia tri
chinh xac clia sin? 2643 nhung khong biét duge gia tri chinh xac cua sin? fos3.

Trong khi d6, cac mau sb lieu vdi kénh dao dong neutrino vi electron xuat



hién c6 do nhay cao dbi vé6i gia tri chinh xéc cta sin? fs3 va n6 con phu thudc
vao cac tham s6 dao dong khéc 63, Am%l va dcp. Do do, viéc do chinh xac
093 phu thuoc vao viéc ta cai thien do nhay ctia phép do céc tham s6 dao dong
013, Am3, va dcp dbi véi cac mau s6 lieu thyc nghiem. Diéu nay c6 thé dugce
thyc hién bang cach st dung cac thi nghiém neutrino c6 do nhay cao ddi véi
phép do cac tham s6 nay. Sy két hop s6 lieu clia cac thi nghiem c6 kha ning
pha v6 moi quan hé suy bién giita cac tham sé dao dong va cai thién do chinh
xac clia phép do 0y3. Dong thai, do chinh xac 0,3 sé d&nh hudng dén kha ning

quan sat dau hiéu vi pham doi xitng CP trong phan hat lepton.

Nhimg déng gép ctia luan van

Trong luan van nay, ching t6i da xay dung mot mo hinh rieng dé mo
phéng thi nghiém Hyper-K véi phan mém GLoBES. Tién hanh hiéu dinh dé
c6 sy phut hgp gitta mo phdéng ciia chung t6i va mo phéng Monte Carlo (MC)
clia thi nghiem Hyper-K chuan da dugc cong bo. T d6, khao sat do nhay ciia
thi nghiém déi v6i phép do 23 va pha vi pham doi xting CP trong phan hat
lepton. Luan van da dao sau nghién cttu mot trong nhitng van dé quan trong
clia vat 1y duong dai va c6 nhiing két qua dang ké, c6 ¥ nghia mang tam québc
té. Cac két qua trong luan van sé 1a co sé hién tugng luan quan trong trong
viéc tien doan tiém nang clia thi nghiém hoat dong trong thoi gian t6i, tit d6
c6 thé diéu chinh céc tham s6 thuc nghiem dé thu dugc cac két qua véi do

chinh xac cao hon.



Chuong 1. TONG QUAN VE NEUTRINO

1.1. MO HINH CHUAN VA NEUTRINO TRONG MO HINH CHUAN

1.1.1. Giéi thiéu vé Mo hinh chuan

Vii Tru ciia chiing ta duge cau thanh tir cac hat co ban (1a cac hat khong
thé phan chia duge nita) tuan theo 4 tuong tac cd ban bao gom: tuong téc
dien tu, tuong tac manh, tuong tac hap dan va tuong tac yéu. Trong d6, SM
13 mot trong nhitng 1y thuyét thanh cong nhat ctia vat 1y hoc thé ky 20 mo ta
mot cach thong nhat 3 tuong tac bao gom: tuong tac manh, tuong tac yéu va
tuong tac dién tiu. Trong SM, cac hat co ban dugc chia thanh 2 loai dira theo
spin clia hat bao gom: fermion (cic hat c6 spin ban nguyén gom cac lepton
va quark, 1a thanh phan ciu tao nén vat chat va phan vat chat cia Va Try)
va cac hat boson (c6 spin nguyén déng vai tro 1a hat trung gian truyén tuong
tac cho cic hat fermion: photon v, boson W+ va Z°, gluon). Hinh tom

tat cac hat co ban va thuoc tinh cia né trong mo ta ctia SM.

STANDARD MODEL OF ELEMENTARY PARTICLES

up CHARM ToP GLUON HIGGS BOSON
mass 2,3 MeV/c® 1,275 Gev/d 173,07 Gevic! 4 126 Gev/ct
<<<<<< % 4 % % " 0 0
<pin ¥ (e A % o
DOWN STRANGE BOTTOM PHOTON
4,8 Mev/c 95 Mev/ct 418 Gev/ct 0
B e A . £ . 0 G
% . % % - 1 A
— Y
G
ELECTRON MUON TAU ZBOSON E
0511 Mev/c 105,7 Mev/c: 1777 Gevie 91,2 Gev/c!
- R - -1 . 4 B
E | % e % Y % 1 (o}
P S
T (o]
ELECTRON MUON TAU W BOSON
(o] NEUTRINO NEUTRINO NEUTRINO N
22ev/E <0,17 Mevi <155 Mevict Gevid
N - > S
0 y 0 Y 4 +
S |u g % v % 1

Hinh 1.1: Céc hat co ban trong SM.



Mbi fermion déu c¢6 phan hat ctia né mang spin ban nguyén va dién tich
trai dau ngoai trit neutrino khong c6 dién tich. Ngoai ra con c6 hat boson
Higgs dudc xem 1 "hat ciia Chia” do CERN tim ra vao nam 2012, dé sinh
khoi Iuwong cho cac hat quark va lepton. Viéc phéat hién ra hat Higgs trong
thiyc nghiem da gép phan hoan thién bitc tranh ctia SM.

Trong SM, tuong tac dién ti, tuong tdc manh va tuong tac yéu dude mo
ta dya trén nhom ddi xting chuan SU(3)c @ SU(2), @U(1)y . Trong d6, nhém
SU(3)c mo ta tuong tac manh, tdc dong lén cac hat quark mang tich mau
thong qua 8 hat gluon khong khéi luong, déng vai tro hat truyén tuong tac
manh. Nhém SU(2), @ U(1)y mo ta thong nhat tuong tac dieén yéu, tac dong
len cac hat quark vi (u, c, t, d, s, b) va lepton thong qua hat truyén tuong
tac 1a 4 hat gauge boson (W mang dién va Z khong mang dién, cac hat c6
khoi luong déng vai tro 1a hat truyén tuong tac yéu, va hat photon khong
khéi lugng, khong mang dién truyén tuong tac dien tir gitta cic hat fermion).
Trong SM, 12 hat fermion bao gom 6 quark va 6 lepton dudgc sap xép thanh
3 thé he va di theo ting cip:

Bang 1.1: Sap xép cac hat fermion theo thé he.

Thé he 1 2 3

Lepton | ve, e | vy, p | Vry T

Quark | u,d | ¢, s t, b

Cac hat trong cac thé hé giéng nhau vé tinh chat nhung khac nhau vé
khoi lugng. D6i véi fermion c6 dién tich, thé hé 1 ¢6 khdi lugng nhé va bén, cac
thé he tiép theo c6 khdi luong 16n hon va dé phan ra thanh thé he 1. Riéng déi
v6i neutrino thi két luan trén van chua duge kiém ching. Céac fermion c6 spin
1/2 ¢6 2 trang thai phan cyc: phan cyc trai va phan cyc phai. Thuc nghiém
chitng t6 rang chi c6 cac thanh phan phan cyc trai clia fermion 1a tham gia
vao tuong téc yéu. Dé dam bao cac mo ta trong SM la phit hgp véi két qua

thuc nghieém, cac hat trong SM dudgc sip xép nhu sau:



e Xép tat ca cac fermion phan cyc trai vao ludng tuyén cia SU(2) L.

e Céac lepton mang dién tich (e, p, 7) va cac quark phan cyc phai bién doi
nhu don tuyén ctia SU(2)r. 3 thé hé lepton cling cAc neutrino gin véi

lepton tich dién ctia n6 dugc sdp xép vao ludng tuyén ctia nhém SU(2) .

e Cac lepton khong c6 mau nén bién doi nhu mot don tuyén ctia nhém

d6i xtng mau SU(3)c¢.
e Cac quark c6 mau bién déi nhu mot tam tuyén ctia nhom mau.
e Dien tich Q lien hé véi siéu tich yéu Y theo biéu thic:

Y
Q:T3—|—5, v6i T3 1a vi tit chéo cia SU(2)p, (1.1)

Theo dé, su sip xép cac hat trong SM dugc biéu dién nhu sau:

+ Déi véi cac lepton:

v
wiL — ~ (1)27 _1)7 liR ~ (17 17 _2)7 1= €, Uy, T (12)
l;
L

+ Do6i v6i cac quark:

Uy 1 4 -2
iL = ~\(3,2,-|, wyir~(31,=|, dip~ (3,1, — 1.3
Qu=|) ~(23) v~ (313) du~ (31.57) a3

L
v6i u; = u, c,t la cac up-quark, d; = d, s, b la cac down-quark.

Lagrange toan phan trong SM c6 dang:

L=Ly~+ Ly +La+ Lyquge
=(ithit " DY ir, + iliry" DR lLig + iQir* DR* Qi + itiiry" Dy uin
+idigy* DR dig) — (Rhindlir + i Lird ;L + b QiLéd;r
+ hirdird'Qir + hisQid“uir + b iird“ Q;L)
+ (Do) (D" ) = V(9)
1 1

— _F, F* —
a 1

; B, B". (1.4)

Trong do: ¢¢ = 1090
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5 s6 hang dau trong phuong trinh 13 s6 hang dong nang L, chita

thong tin mo ta cac tuong tac dong véi cac gauge boson chuan.

e 6 56 hang tiép theo trong thanh phan thi hai ctia phuong trinh 13 cac
thanh phan ctia Lagrange £y mo ta tuong gidc Yukawa - tuong tac gitta
cac fermion (quark va lepton mang dien tich) dé6i vé6i truong vo huéng
Higgs hoic phan ludng tuyén cia truong Higgs dé sinh khéi luong cho

cac fermion thong qua qué trinh pha v doi xiing tu phat.

e Cac s6 hang trong dong thit 5 14 thanh phan dong nang va thé vo huéng
Higgs, mo ta tuong tac ctia hat Higgs véi cac trudng chuan hoac cac
gauge boson, sinh khéi lugng cho cac gauge boson W+, Z thong qua co

ché Higgs.

e Cac s6 hang clia dong cudi phuong trinh 1 cac thanh phan cho boson
cho phép xac dinh su tu tuong tac ciia cac trudng chuan véi F, s Buy 1a
tensor cudng do trudng chita s6 hang dong ning clia cac trudng chuan.

1.1.2. Khéi luong neutrino trong M6 hinh chuan

Xét thanh phan khéi lugng clia cac fermion trong SM:

Llermion — majnp. (1.5)

Trong d6 1 1a trudng spinor bao gom hai thanh phan spinor phan cyc trai
(11, = Prt) va spinor phan cyc phéi (¢Yp = Pr):

Y =9L+Yr. (1.6)

Dinh nghia toan tit hinh chiéu va cac tinh chat:

1 1
P = 5 (1- 75) , Pgr= 3 (1 —|—75) (1.7)
P+ Pr =1, PRPr = P, PP, = P, P,Pr = 0. (18)

Khi d6 s6 hang khéi lugng Dirac ciia cac fermion:
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—mi =~ + Pr) (V1 + Un) (1.9)
= —m(r¥r + YL + YRYL + YRYR)
= —mW VL + YR + PrYL + VY VR)

= —m [(PLy) " Pop + ¥ror + YroL + (Prep) 'Y PRy

Két hop cac phuong trinh trén va st dung tinh chat clia ma tran +° véi
VB = 0 2B:

(v*)! =~" = P} =Py, P}, = Pr (1.10)
{7°,7°} =0 = Pry° =4°Pg, Pry’ =4°P; (1.11)

Khi d6 s6 hang khéi lugng Dirac dugdc viét lai:

—mypp = —m(PrYr + YrYL). (1.12)

Vi céc thanh phan phan cuc trai ciia cac quark va lepton bién ddi nhu mot
ludng tuyén ctia nhém SU(2)r, con cac thanh phan phan cyc phéi clia quark
va lepton mang dién bién doi nhu mot don tuyén ctia nhom SU(2)r, do dé sb
hang khéi lugng ctia fermion khong bat bién dudi phép bién doi chuan ciia
SM: SU(3)¢ ® SU(2)r ® U(1)y. Dé thoéa man bat bién Gauge, cac fermion
phai khong c6 khdi luong. Tuy nhién, trong thiyc té cac lepton mang dién
tich va cac hat quark c6 khéi lugng nén can phai xay dung tuong tac dé sinh
khéi luong cho céc fermion trong SM. Tuong tac nay la tuong tac Yukawa, siu
két cap gitta cAc thanh phan phan cyc trai va phan cyc phai ctia fermion véi

truong Higgs:
— Ly = hij¥ipdlir + hi;QiL¢d;r + his Qi (io2¢™ Jujr + hc,  (1.13)

trong dé6 h.c 1a s6 hang lien hop hermitic; héj, hglj,

h;”j la cac ma tran 3 x 3
dang tong quat va dugc goi la hang s6 tuong tac Yukawa.
Sau khi pha vé doéi xting tu phat ciia truong Higgs ta thu dudc sd6 hang khoi

lugng cho cac lepton va cac quark:

vV — —
hﬁjﬁlwzjR =mllirl;n, (1.14)



12

v - _

i ﬁdiLde = m{;did;r, (1.15)
V — j—

hi; ﬁ“iLUjR = mg; UL UjR, (1.16)

suy ra khoi lugng clia cac lepton va quark nhu sau:

hév h*v h™v
Me = —=, My, = ——=, My = , 1.17
73 T NG (1.17)
khoéi lugng clia cac quark loai u:
h*v h¢v htv
My = —=, Me = —=, My = —, 1.18
khoi lugng clia cac quark loai d:
h4 h? hb
my = 2 v v (1.19)

=, Mg = —=, Mp = —=.
V2 V2T R

Tai thoi diém xay dyng SM, ngudi ta chi dua vao neutrino phan cuyc trai va
khong c6 thanh phan neutrino phan cuc phai. Do d6 ta khong thé xay dung

dugc s6 hang khoi luong Dirac cho neutrino, khoi lugng clia cidc neutrino:

my, = my, =m,, =0. (1.20)

e T

Nhu vay sau khi pha v doi xting tu phat, tat ca cac fermion mang dién tich
nhan dugc khéi luong Dirac ngoai trit neutrino khong c6 khéi luong. Nhu
vay, v6i co sé 1y thuyét ma SM dua ra thi neutrino dudc tién doan
12 khong c6 khéi luwong. Tuy nhién dén nam 1998, hién tugng dao dong
neutrino tit khi quyén dugce phét hién bdi thi nghiem Super-K [1] va dao dong
neutrino tit M#t Troi duge phat hien bsi SNO nam 2001 [56] da cung cap
bang ching thyc nghiém quan trong ching té neutrino c6 khoi lugng va cac
lepton c6 su tron 1an v6i nhau. Day 1a bang ching thuc nghiém quan trong dé
chi ra s khong hoan chinh ctia SM va yéu cau can phai mé rong SM dé sinh
khdi lugng cho neutrino va gidi thich van dé khéi lugng nhé ciia neutrino. Céc
mo6 hinh xay dung khdéi lugng neutrino thuong theo 2 cach: thém vao lepton
mdéi hoac cac hat vo huéng mdi, tit do cé thé xay dung sé hang khéi luong
qua hai s6 hang nhu da dé cap la Dirac vd Majorana. Vi neutrino trong SM

bay gis chi quan siat dugc thanh phan phan cyc trai dan dén s6 hang khoi
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lugng Dirac bang 0 hay neutrino khong khéi lugng. Dé xay dung khéi lugng
kiéu Dirac ta sé thém vao SM neutrino phan cuc phai don tuyén. Hat neutrino
nay goi la hat neutrino la (sterile neutrino) do khong tham gia tuong téc nao
trong 4 tuong tic co ban trit tuong tdc hap dan. Tuy nhién lai khong giai
thich mot cach ty nhién nhat vé gia tri khéi lugng nhéd ciia neutrino nén cac
nha vat 1y xét thém s6 hang Majorana cho thanh phan phan cyc phai theo co
ché seesaw |7-11]. Bén canh co ché seesaw thi ngudi ta c6 thé giai thich van
dé khéi lugng nhd clia neutrino qua co ché bd dinh khéi lugng [12-14], céc
mo hinh siéu déi xting [15,(16], mo hinh 3-3-1 [17-22], mo hinh d6i xing trai
phai [231[24],....

1.1.3. Cac tuong tac ctia neutrino trong Mo hinh chuan

Trong SM, neutrino chi tham gia tuong tac yéu véi hat truyén tuong tac
la W* cho dong mang dién va boson Z cho dong trung hoa. Xét nguodn goc
xuat hién tuong téc gitta cdc dong (mang dién va trung hoa) véi cac hat gauge
boson W#, Z trong SM. Xuat phét tit s6 hang dong nang clia cac trudng vat
chat:

Lx =ily, D)L+ iRy!D%R, (1.21)

trong d6 L = v;1,,Q;r va R = l;r, u;r,d;r lan lugt 13 truong fermion phan
cuc trai (quark va lepton phan cuyc trai) va fermion phan cuc phai (quark va
lepton mang dién phan cyic phéi). Khi d6 s6 hang dong nang ctia fermion dugc

viét dudi dang cu thé sau:

Lx =ihipy, Divir + iligy, D'glir (1.22)

+1QiLvuDg,, Qi + itiry, DY, wir +idiry, DYy, dir.

V6i cac trusng chuan A% (a=1,2,3) va B, trong d6 thanh phan mang dién
tich gin véi cac truong chuan A}“ Ai, thanh phan trung hoa tuong tng véi
trudng chuan Ai va B,. Quy luat bién doi ctia dao ham higp bién déi véi

truong lepton c6 dang:
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. Oa 04 .Y
D,=0, — ngAH — ZQ/EBM
oo 0 Al (4 0\ (B0
s 2 1 - 42 2 3 2
AM —HAM 0 0 _Au 0 B,
=0, —p,° —p)°. (1.23)
vai 1 2 1 2
Al — 1A A+ 1A
W-l- — M M - _ 1% 1% (124)

S W = S
8 V2 8 V2

thanh phan dao ham hiép bién gin v6i phan mang dién tich viét lai nhu sau:

. 1 . 49 .
pCC — ig 0 AM — ZAM _ g 0 WJ— (1.25)
T2 \AL A 0 V2 \w; 0

va thanh phan dao ham hiép bién gin v6i phan trung hoa la:

g [A3 0 g (B Y
L\TC’ — % I ) + %Y Iz = ig <AiT3 + tan 9W§Bu> ,
0 —A3 0 B,
(1.26)
(1 0 . .
trong do: T3 = 5 va tan Oy = % vGi Oy 1a goc Weinberg.
0 -1

Biéu dién cac trudng chuan Ai, B,, qua cac trang thai vat ly cua Z,, A, ta
co:

Z, = cos by A3 —siny B, N A3 = cosOwZ, +sinfw A,

A, = sinby A3 4 cos Oy By, B, = —sinfwZ, + cosfw A,

Phuong trinh viét lai nhu sau:

71
p,ﬁvczzgl

cos Oy

(Tg cos? Oy — %sin2 0W> Z, + <T3 + %) sin QWAJ )
(1:27)

Xét cac lepton phan cie trai bién doi nhu mot ludng tuyén ciia SU(2)r, siéu

tich yéu Yz, = —1 vi lepton phan cuc phai bién doi nhu mot don tuyén cia

SU(2)y, sieu tich yéu Yz = —2, két hop cac phuong trinh [1.23} [1.25] [1.27}
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Du:au_i_g 0 wer o ig (2 0
g V2 \wr= 0 2cos0w \ 0 — cos 20y ZH
o 0
—ig (1.28)

0 —sin@WA“
Y . .92 9

Di = —ig = = gp — LW gy sin Oy AP (1.29)
2 cos Oy

Vi neutrino trong SM chi chita thanh phan phan cyec trai, do d6 cac tuong tac

dong ctia neutrino véi cac hat gauge boson dugc rut ra tit s6 hang dau cla

phuong trinh ta co:

— . ViL
ZwiLfyuD[[fwiL =1 (ﬂz‘L lzL) ’YM(?M l (1.30)
iL

0 Wht 1299

+ L (u- l; )7
\/5 1L L 12 W 0 liL

g _ A 0 Vi,
t o (ﬂiL liL) Vi

2 cos Oy 0 —cos20wZH lir,
_ 0 0 ViL
+9 (ViL liL) Vi .
0 —sinfy A* lir,

= iU, 0"vir, + il 0"l + %E‘LWQLW“JF + %L‘L%%LW“_

g cos 20y

Vit Yuvin 2" — Lirvulin Z" — gsinOwliry,lin A

2 cos Oy 2 cos Oy

Tu phuong trinh chitng t6 neutrino trong SM chi tham gia tuong tac yéu
thong qua viec trao doi cac boson trung gian W+ cho dong mang dién (sb
hang thi 3 va 4 ctia phuong trinh va boson Z cho dong trung hoa (s
hang thit 5 cia phuong trinh .
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1.2. DAO PONG NEUTRINO VA PHEP DO CAC THAM SO
DAO DONG

1.2.1. Hién tuong dao dong neutrino va phép do cac tham sé dao

dong

Dao dong neutrino la mot hién tugng co hoc lugng tit dude thé hién &
cap do vi mo ma & d6 neutrino c6 thé chuyen héa hodc thay doi tit trang thai
vi nay sang trang thai vi khac trong qua trinh chuyén dong trong khong gian.
Gia thiét veé hien tuong dao dong neutrino duge dé xuat béi Bruno Pontecorvo
vao nam 1957. Tai thoi diém do chi phat hién su ton tai ctia mot loai neutrino
dau tién 13 neutrino vi electron nén ong dé xuat gid thuyét dao dong cla
neutrino thanh phan neutrino. Nam 1962 sau phat hién trong thi nghiém ctia
Leon M. Lederman, Melvin Schwartz va Jack Steinberger vé sit ton tai clia
loai neutrino thit hai la neutrino vi muon, khi dé6 Pontecorvo da khai quat hoa
hién tugng dao dong vé truong hgp dao dong giita hai loai neutrino va nam
1967 6ng tien doan ring neutrino Mt Trdi c6 thé dao dong. Tuy nhién vi sy
thanh cong ryc rd ctia SM ma thoi ki nay ngudi ta con nghi ngs vé tinh diung
din cta gia thiét Pontecorvo. Dé c6 hién tugng dao dong xay ra, neutrino
phai c6 khoi lugng va cac loai neutrino khac nhau phai c6 khéi luong khac
nhau. Trong khi d6 SM tién doan neutrino khong khéi lugng. Vao gitta thap
nién 60 ctia thé ky truée, cadc quan sat thuc nghiém cho thay sy thiéu hut
dang lo ngai so véi tinh toan diyta vio mo hinh vé sd lugng neutrino vi electron
tir Mat Troi. Hien tugng dao dong neutrino c6 thé giai thich duge van dé nay
két hgp vé6i két qua ciia thi nghiem Super-K va SNO da khang dinh manh mé
hon cac nghi van vé sy chinh xac va han ché ciia SM. Sau d6, hang loat cac
thi nghiém neutrino tiép ndi da kham pha cic dao dong neutrino Mt Troi va
neutrino sit dung may gia téc da khang dinh gia thuyét Pontecorvo dua ra la
ding din vd yéu cau phai chinh sita va hoan thién lai SM dé théa méan cac
két qua dua ra tur thyc nghiem vé khéi lugng neutrino.

Mb6 hinh dao dong neutrino dugc chap nhan rong rai nhat hién nay 14 mo
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hinh dao dong ba vi neutrino dugc phat trién bsi Pontecorvo va Maki nam
1957, Nakagawa va Sakata vao nam 1962. Trong mo hinh nay, cac trang thai
vi riéng lien hé vé6i cic trang thai rieng khoi lwong béi mot ma tran 3 x 3 don
nhat goi 14 ma tran tron PMNS (Pontecorvo-Maki-Nakagawa-Sakata) [25,26]
duge tham sb héa béi 3 goc tron (012,013, f23), pha Dirac thé hién sy vi pham

ddi xting CP trong phan lepton (§¢p) duge thé hién nhu sau :

Ve 141 Uel UeQ Ue3 141
vy, - UPMNS Vo - U/,Ll UM2 U,u3 Va1 (131)
Vr V3 U Ur Uss V3
trong do:
—is
C12€C13 S12C13 S13€
_ 5 5
UpMNS = | —s12023 — C12523513€"°  C12C23 — S12513823€" 523C13
5 5
512823 — C12C23513¢€" —C12823 — 512C23513€"°  C23C13
(1.32)
VOl s;; = sinb;;, ¢;j = cosB;;. Ma tran PMNS théa man tinh chat:
Ul =T (1.33)

Khi d6 trang thai rieng khoi luong ciing c6 thé duge biéu dién thong qua trang

thai vi rieng nhu sau:

* * *
41 el nl 71 Ve
— * * *
o | — e2 u2 T2 Vi (134)
* * *
V3 e3 n3 73 Vr

Xét dao dong ciia neutrino vi o thanh neutrino vi 5 trong chan khong (a #
B, a, B = e, p,T) va mau sb ligu tuong ting véi cac dao dong nay duge goi la
cac mau sb lieu xuat hién, xac suat dao dong P(v, — vg) con goi 1a xéc suat

xuat hien duge viét dudéi dang téng quat nhu sau:
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. Ly .9 Amij
P(va = vg) =0ap — 4 R (ULUp:Ua;Up;) sin G (1.35)
1>]

P . Am%jL
+2)  S(UaUsiUa;Upy) sin | — 22— | |

i>j

trong d6 R va $ 1a cac thanh phan thyc va thanh phan 4o ctia s6 phitc gan véi

no, Uy, Ug; la cac phan ti trong ma tran tron PMNS |1.32] Am%j = m? — m?

13 do chenh léch cac khéi lugng ctia neutrino, L 1a chiéu dai duong co sé, E
la nang lugng neutrino. T cong thic cho thay, dao dong neutrino xay
ra hay xac suat chuyén vi P(vo — vg) khac khong thi Am?; ciing phai khac
khong. Hay néi cach khac, neutrino phai c6 khéi lugng va khéi lugng clia cac
neutrino la khac nhau.

D61 v6i phan neutrino, xac suat xuat hien dao dong v, — v dugdce rit

ra bang cach lay lien hop phitc xac suat dao dong trong kénh neutrino:

~ ~ . L\ .o Am?jL
P(0o — Ug) = bap —4 Y R (UzUsiUa;Uj;) sin e (1.36)
1>]

[ AmZ L
QZg(UaiUﬁan]‘Uﬁj)Sln< 2EJ )

1>]
Tt cong thite tong quat [1.35] ta ciing co:
Am?2. L
Py = o) = P(Ug = 04) =1 — 42 Uai|*|Uq;|? sin? (4—EJ> (1.37)
1>
X4c suat nay con dude goi 1a xac suat neutrino ton tai hay xac suat neutrino
bién mat trong d6 neutrino van giit nguyén vi lepton sau qué trinh dao dong
va mau so lieu tuong ing vdi cac dao dong nay dudc goi 1a cac mau sb lieu bién
mat. Khi d6, pha vi pham déi xing CP sé dugc xuat hién trong thanh phan
cia Acp, dai lugng dic trung cho syt vi pham déi xitng CP trong phan hat
lepton. V6i Acp dude xac dinh 13 sy chénh léch xac suat xuat hién neutrino

va phan neutrino theo biéu thitc sau [27]:
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~ ~ oy . Am?jL
Acp = P(vy = vg) — P(Uy — 1) = 4§J(UaiUﬁanjU,3j) sin 5
>

= £20,3 cos 013 sin 26015 sin 2653 sin 26,3 sin d¢ p sin Ay sin Aszp sin Az

== ﬂ:16(5a5<] sin Agl sin Agl sin Agg, (138)
P Ame 1 . . . . N Z
trong d6 A;; = —7—, J = g cost3sin 2601 sin 26023 sin 2013 sindcp 1a bat

bién Jarlskog, dau "+" ("-") dugc lya chon dya trén hoan vi vong tuan hoan
(ngugc vong) cho cac vi neutrino dude siap xép theo thit tu (e, u, 7). R6 rang, vi
pham déi xttng CP sé dugc xac dinh thong qua hién tuong dao dong neutrino
khi va chi khi ba goc tron 1a khac 0. V6i dit lieu hién tai duge dua ra tir cac
thi nghiém neutrino, gia tri cac goc tron dudc xac nhan 1a khac khong. Diéu
nay da md ra budc ngoat quan trong trong viéc tim kiém dau hiéu vi pham
CP trong phan lepton. Nguon vi pham CP nay c6 thé 1a mot 1oi giai thich
day htta hen cho sy bat doéi xtng vat chat va phan vat chat trong Vi Tru.

Trong thyc té, cac thi nghiem dao dong neutrino chii yéu do vi pham déi
xtng CP dya vao cac mau s6 lieu xuat hién clia neutrino vi electron (phéan
neutrino vi electron) tir neutrino vi muon (phén neutrino vi muon) (nhu cac
thi nghiem T2K, NOvA, Hyper-K,...) ho#ic sit dung cac mau s6 lieu bién mat
ctia phan neutrino vi electron trong cac thi nghiém 1o phan ing hat nhan. Khi
d6 xac suat xuat hién clia neutrino vi electron tit dao dong ciia neutrino vi
muon trong chan khong duge viét lai nhu sau:

Am?2.L
Py, = ve) =— 42 r (U;iUeiUwU:j) sin? <4—§> (1.39)
i>j

([ AmZ L
+22%(UZiU€iUMU:j)sm< Vol )

i>]
Xét sut dao dong clia neutrino chiu anh huéng ctia yéu t6 vat chat do hiéu tng
duong co sd dai va mat do vat chat xung quanh may do, khi d6 cong thiic xac
suat dao dong duge dinh kém thém dnh hudng ctia yéu té vat chat. St dung
tinh chat don nhat va cidc phan ti ma tran tron PMNS trong phuong trinh

ta c6 khai trién cho cac thanh phan thic va o ciia cong thiic xac suat.
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Khi d6 xac sudt xuat hien dao dong cta v, — v, trong vat chat 1a [27):

P(v, — v.) = 4s73535¢75sin” Azy (1.40)

a

2 2 2 2 . 2

— 8573553C13 5 (2573 — 1) sin” Asy
13523 132m§1( 13 )

alL
2 .2 2 2 :
+ 8813823613E (2513 - 1) S1n A31 COS A32
— 88128135236120%3023 sin 5CP sin Agl sin Agl sin Agg
2 . .
+ 8512813823613 (612023 COS 5CP — 812513823) S11 Agl S11n A31 COS A32

2 2 (2 2 2 2 2 .02
+ 4s75¢75 ((312023 + 8719573853 — 2512513523C12C23 COS 6Cp) sin® Aoy,

Am?jL
4FE

VOl Az'j = g/cm?

a=2V2Gpn B =756x10-°(eV?] (5725 ) (o) 1a thong
s6 mo ta hiéu tng vat chat tic dong dén qua trinh dao dong, n. 1a mat do
electron clia vat chat, p 1a mat do vat chat ctia Trai Dat. D6i véi cac thi nghiém
c6 duong co s6 ngan (vi du thi nghiém véi 10 phan ting hat nhan), hiéu tng vat
chat xay ra khong dang ké do d6 ngusi ta thusng bé qua cac s6 hang lién quan
dén vat chat khi tinh xac suat dao dong. Khi d6 cong thitc xac suat dao dong
trong vat chat tré thanh xac suat dao dong trong chan khong. Tuy nhién, d6i
v6i cac thi nghiéem c¢6 dudng co sé dai (NOvA, DUNE,...), sy déng gép cua
cac sd hang vat chat la dang ké. Do do6, phuong trinh la cong thiic tong
quat cho xac suat xuat hien dao dong ciia neutrino vi electron tit neutrino vi
muon. Doi v6i phan neutrino, xac suat xuat hien dao dong v, — v, dugc rit
ra ti phuong trinh bang cach thay a — —a, dcp — —dcp. Trong phuong
trinh s6 hang dau tien dong gép dang ké trong xac suat dao dong. Hieu
tng vat chat duge biéu dién thong qua a v dugc thé hieén trong cac sd6 hang
cia dong tht 2 va thi 3 cia phuong trinh Cac s6 hang d6 duge goi 1a
cac s6 hang vat chat. S6 hang & dong thit 4 ti lé thuan vdéi sindcp duge goi
13 s6 hang vi pham doéi xting CP vi sy dong gép clia chiung cho xéac suat 1a
trai dau nhau déi véi neutrino va phan neutrino. Cac s6 hang trong dong 5
chita cosdcp déng gép nhu nhau doéi véi neutrino va phan neutrino. Do d6
cac s6 hang nay dude goi 1a cac s6 hang bao toan ddi xing CP. Dong cudi clia
phuong trinh t1 1e sin® Agq dugc goi 1a céc sd hang neutrino Mat Troi.

Su déng gop clia ching 1a rat it trong xac suat dao dong va do d6 thuong
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dugc bo qua khi xét trong cac thi nghiém dao dong neutrino c6 dudng co sé
dai. V6i cac thi nghiém dao dong neutrino hién nay, cic mau so lieu xuat hien
nay la hy vong duy nhat dé cung cap cac thong tin vé pha vi pham dbi xting
CP. Tuy nhién, nhitng thach thic dat ra 1a bien do dao dong clia cac miu s
lieu xuat hién 14 nhé dong thoi ching phu thudc vao nhiéu tham sé dao dong
cung lic 012,013,023, 0cp, Am3,, Am3; va MH. Nhu da néi & trén, phép do
dao dong neutrino 1a cac phép do vé xac suat va gia tri cic tham sé dao dong
dugc suy ra tit cic xac suat d6. Tuy nhién, phép do xéac suat khong mo ta duy
nhat mot bo gia tri cac tham s6 dao dong ma vdi cac bo gia tri khac nhau
thi cho cting mot gia tri xac suat. Diéu nay dude goi 1 tinh suy bién clia cac
tham s6 dao dong, trong d6 mau sb lieu xuat hién c6 do nhay cao déi vdi cac
suy bién sau [28]:

Pe(bh3,00pP) = Pue(013,90p) (1.41)
Pue(Aiil» 5CP) = Pue(_A?)l, 5613) (1-42)

Do do, dé c6 phép do écp v6i do chinh xac cao phu thudc vao cach ching ta
x1t 1§ cho phép do cac tham sb dao dong khac nhu 013, Am?2;.
Ngoai ra, cac thi nghiém neutrino véi dudng co sé dai cé thé do chinh xac

x4c suat bién mat P(v, — v,) va P(v, — 1,) duge biéu dién nhu sau [27]:

P(v, —v,) =P(p, — v,) (1.43)
Py, —v,)~1+ 48330%3 (5330%3 — 1) sin? A (1.44)
20
+ ds53c13575 (2535¢15 — 1) Amz, sin® Ag

2 2 .2 2 2 a .
mzy

2 2 2 2 2 2 2 :

V6i 013 ~ 0, A3; ~ Az, xac suat bién mat ciia neutrino vi muon duge dua ve

cong thitc xap xi nhu sau:

Py, —v,)~1-— sin? 2645 sin? Ay (1.45)
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trong d6 cdc mau s6 lieu bién mat chita cic suy bién noi tai sau [28]:
Puu(023) = Py (/2 — b23) (1.46)

PMM(A?)l) = Puu(_A?)l) (1.47)

Trong thuc nghiém, cac phép do chi yéu la do xac suat dao dong bang
phép phan tich cac sy kién thu duge, tit dé suy ra gid tri clia cdc tham s6
dao dong. Mat khac, xac suat 1a ham cac tham sd dao dong vi vay viéc xac
dinh chinh xéc gia tri clla cac tham s6 nay 14 muc tiéu clia cac thi nghiém
dao dong neutrino hién tai v trong tuong lai. Cac tham s6 dao dong c6 thé
dugc phan loai thanh cdc nhém khac nhau va duge do bang cac thi nghiém
khéac nhau st dung ci nguodn neutrino ty nhién va nhan tao.

Céc tham 86 012 vd Am3, c6 thé dudc xac dinh bing cac thi nghiem
neutrino Mat Troi va thi nghiém 10 phan tng hat nhan. Cac tham sé nay
dugc goi 1a tham s6 Mat Troi. KamLAND 13 thi nghiém neutrino dau tién da
thuic sy x4c nhan hién tugng dao dong neutrino Mat Trai [29] [30] va gidi quyét
dudc céc van dé vé neutrino Mat Troi nam 2002 sau phét hién su chuyén hoéa
v Mat Troi ti thi nghiem SNO nam 2001. Cung véi cac thi nghiém neutrino
Mit Troi khac, KamLAND cho dén nay da cung cap cac phép do chinh xac

nhat cho cac tham sé nay [2]:

Am3, = 7507022 x 107° eV?/ct (1.48)

sin® 615 = 0.318 + 0.01

KamLAND c6 do nhay cao d6i v6i phép do tham s6 Am3; v6i do chinh xéc
2.7% tai do tin cay 1o, trong khi cac thi nghiém neutrino Mat Troi khac cung
cap cac phép do sin’ #15 véi do chinh xac 5%. Trong tuong lai, cac thé he tiép
n6i clia cac thi nghiém neutrino nhu JUNO (Jiangmen Underground Neutrino
Observatory) [31] 1a thi nghiém 1o phan dng hat nhan v6i dudng co sé trung
binh dat tai Trung Quoc, bat dau di vao hoat dong tir 2021 dude mong dgi c6
phép do chinh x4c hon cho cac tham s6 nay. Dy kién thoi gian hoat dong 6

nam, JUNO c6 thé dat duge do nhay véi do tin cay 3o hoiic cao hon cho kha
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nang xac dinh sy phan bac khéi lugng neutrino va do chinh xac cao hon 1%
cho cic tham s6 Mat Troi va |Am3,|.

Tham s6 63 lien quan dén st chuyén vi ciia neutrino vi electron c6 thé
dugc do bdi cac thi nghiém 1o phan dng hat nhan, thi nghiém neutrino khi
quyén va thi nghiem s dung may gia tdc. f13 c6 moéi quan hé mat thiét véi
Scp thé hien trong sé hang Acp & cong thiic . Néu 013 bang 0 thi cac
thi nghiem dao dong neutrino khong thé quan sat dude su vi pham doi xing
CP. Mic dit 615 c6 thé duge do bdi cac thi nghiem neutrino khi quyén va thi
nghiém st dung may gia téc, nhung nguon c6 do nhay cao nhat doi vé6i 6,3 1a
cic mau so6 lieu bién mat ctia phan neutrino vi electron 7, trong thi nghiém

10 phan tng hat nhan, trong dé xac suat dao dong [27]:

P(v. — D) = 1—sin® 2015 (ci, sin® Agq + 575 sin® Agp) —cffy sin® 2612 sin® Aoy

(1.49)

Céc thi nghiém 10 phan ttng hat nhan c¢6 dudng co sé ngan nhu Double Chooz,

RENO, Daya Bay c¢6 do nhay cao d6i v6i sb hang thit hai ctia biéu thc [1.49)

va thi nghiém 10 phan ing hat nhan c¢6 duong co sé trung binh nhw JUNO c6
d6 nhay cao d6i véi thanh phan thit ba clia biéu thite[1.49]

V6i Am3; < 1, Azs =~ Aszq, cac mAu phan neutrino vi electron trong cac

thi nghiém 1o phan tng hat nhan dudng cd s6 ngan c6 thé sit dung dé do chinh

xac sin? 26013 ma khong anh hudng béi dcp va Oo3:
P(7, — U,) = 1 — sin® 2013 sin® As;. (1.50)

Céc béao céo cua cac thi nghiém Double Chooz nam 2011 [32], Daya Bay [33]
va RENO [34] nam 2012 xac nhan gia tri ctia 613 13 nho va khac 0. Cac két
qua phan tich ciia Double Chooz véi lugng dit liéu cho thai gian chay 101 ngay

thu dugc gia tri 613 tai do tin cay 90%:
sin? 2013 = 0.086 4 0.041(stat.) £ 0.030(syst.). (1.51)

Mat khac, RENO 13 thi nghiém v6i duong co sé ngan da cap nhat két qua

phép do ¢6 do chinh xac cao hon cho 613 vao nam 2018:

sin? 2613 = 0.0896 =+ 0.0048(stat.) & 0.0047(syst.). (1.52)
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Ngoai ra, Daya Bay la thi nghiém 1o phan ting hat nhan nim tai bd bién phia
Nam ciia Trung Qubc dugce thiét ké dé xac dinh va cai thien do chinh xac clia
phép do cho tham s6 nay. Nam 2012, Daya Bay cong bd két qua cho kha ning
loai trit gia tri 613 = 0 tai do tin cay 5.20 cho lugng dit liéu trong 55 ngay
chay. Véi luong dit lieu 1958 ngay, Daya Bay da cap nhat do chinh xac nhat
cua 0i3:

sin® 2615 = 0.0856 == 0.0029 (1.53)

tuong ing v6i do chinh xac 3%.
Ta théy, xac suat 1a ham ctia 3 higu binh phuong khéi lugng Am3,, Am3,
va Am32, trong d6 chi c¢6 2 thanh phan doc lap: Am2,, Am32, con lai thanh

phan Am3, dugc biéu dién thong qua biéu thiic lien hé sau:

V6i van dé thi tit phan bac khdi lugng neutrino, ta da biét duge Am32; > 0
suy ra mg > my. Tuy nhién dau ciia Am3, va Am3; van chua dugc biét, nén
ta chua biét duge rang lieu ms > mo > my (NH) hay mo > mq > mg (IH).
Diéu nay dugce biét dén nhu van dé phan bac khéi lugng neutrino (MH), mot
trong cac cau héi ma cac thi nghiém neutrino dang né liyc trong viéc tim kiém
cau tra 15i. MH c6 thé dugc xac dinh béi cac thi nghiém 16 phan tng hat nhan
(JUNO va RENO-50), cac thi nghiém st dung ngudn neutrino tit may gia
toc c6 duong co s6 dai (T2K, NOvA, Hyper-K va DUNE) va cac thi nghiém
neutrino khi quyén (Super-K, Hyper-K, DUNE). Cac phép phan tich dit liéu
tit T2K va NOvA cho thay kha nang loai trit MH 1a IH dat dén mic ¥ nghia
thong ke 1a Ax? ~ 1.5. Nghién cttu ctia chiing toi trong bai bao [35] vé su két
hop ctia T2K-1I, NOvA va JUNO cho thay MH c¢6 thé duge giai quyét hoan
toan va dat dudgc do nhay trén 5o cho tat ci cac gia tri kha di clia dcp.
Ngoai ra, cc thi nghiém neutrino khi quyén va thi nghiém st dung nguoén
neutrino tit may gia tdc c6 do nhay cao déi véi phép do cac tham s6 khi quyén
bao gom 023 vd Am3,. T2K va NOvA da cap nhat cac phan tich dit ligu cho
cd 2 ché do: lay s6 lieu v6i nguon neutrino vi muon (v-mode) va lay s6 lieu

v6i nguon phan neutrino vi muon (7-mode). Dit lieu ctia T2K da dugce 1ay tu
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thang 1 nam 2010 cho dén cudi nam 2018 vé6i 1.49 x 102 POT (sd proton
dudc ban lén bia dé tao ra nguodn neutrino. Dai lugng dic trung cho sé luong
neutrino duge tao ra) cho v-mode va 1.64 x 10! POT cho v-mode. Céc két
qué cho thay gia tri phit hgp nhat clia a3 13 sin? fa3 = 0.5175°05 (v-mode), v&
sin? fp3 = 0.4310 2% (7-mode) [36]. T2K-II la sy tiép ndi ciia thi nghiem T2K
hién nay, dén nam 2026 du dinh sé thu thap dugdc s6 lieu véi 20 x 102! POT.
Vé6i lugng dit lieu nay két hop véi viec cai tién nguon neutrino va cac phuong
phéap phan tich x1t 1y s6 lieu cho phép T2K do pha pha vd doéi xitng CP véi do
nhay 3¢ ho#c cao hon va cac phép do géc ez dat dén do chinh xac cao hon.
Thi nghiem NOvA [37] 1a thi nghiém neutrino thuoc thé he thit 2 ctia cac thi
nghiém st dung nguon neutrino tit may gia téc diat tai My véi dudng co s6
dai 810km. VGi 8.85 x 1020 POT cho v-mode [38] va 12.33 x 1020 POT cho
p-mode [39], NOvA bao cdo két qua phép do cho sin 2053 = 0.567503. Cac két
qué nghién citu clia chiing t6i trong [35] cho thiy réng, sy két hgp ctia T2K va
NOvA cho do nhay cao doéi vé6i viec do chinh xac tham s 093. Hon thé nita,
cac thi nghiém trong tuong lai nhu thi nghiém Hyper-K [4] va DUNE [40] c6
tiém nang cao trong viéc cai thien phép ciia O3 va dat do chinh xac cao trong
phép do tham s6 khi quyén. Trong dé tai nay, ching toi tap trung vao viec
nghién citu tiém nang vat 1y ctia thi nghiem Hyper-K vd DUNE déi véi phép

do 053. Tinh chat suy bién ciia 03 sé dude thao luan trong phan sau.

Bang 1.2: Gia tri cac tham s6 dao dong dugce cap nhat gan day nhat véi truong
hgp phan bac khoi lugng thuan (NH) [41].

Tham s6 Gia tri phtt hgp nhat véi sai s6 1o
sin? 01 0.31015-0:3

sin? 013(x1072) 2.24110 687

sin? 03 0.5585-029

dcp(°) 222138
Am3,(107%eV?/ch) 7.397520

Am3, (1073eV? /) 2.523 10632
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1.2.2. Tinh chat gbéc tron s

Goc tron lepton o3 duge biét 1a 16n va gan véi gia tri cuc dai fo3 ~ 7/4.
Viéc do chinh xac gia tri clia tham sé nay 1& mot trong nhitng muc tiéu cta
cac thi nghiem dao dong neutrino véi dudng co sé dai, nhim tim ra nhiing
hiéu biét vé gia tri chinh xac ciia cac tham s6 dao dong va pha vi pham déi
xttng CP trong phan lepton. Néu gia tri f23 thyc sy bang 7/4, day 1a mot dau
hiéu tin cay cho viéc tim ra mot s6 tinh chat doéi xing chua dude biét giita
thé hé lepton thit 2 va thé hé lepton thi 3. T bicu thiic mdi quan hé gitta

cic trang thai dao dong va cac trang thai rieng khéi lugng trong phuong trinh

m, ta co:

Vy = (—812023 - 0128235136i6) v+ (012023 - 8128138236i6) vy + (823013) Vs,

(1.55)

Vr = (812823 - 0120238136i5) v+ (—012823 - 8120238136i5) vy + (623013) V3.

(1.56)

Néu 03 = /4 thi sg3c13 = co3c13 = ‘/75013. Diéu nay c6 nghia la tai gia tri
023 = /4, su dong gop ctia U,3 va U,3 d6i véi trang thai rieng khoi lugng vs
13 nhu nhau. Mat khéc, gia tri cue dai clia 093 sé dua ra cac tinh chat déi xing
chua dugc biét gita muon va tau. Tinh doi xting nay duge thé hién trong ma
tran khoi lugng. Xét ma tran tron Uppsng, khi gid tri O3 = 7/4 va 613 = 0,

khi d6 ma tran tron dugce viét lai nhu sau:

C12 512 0
Upuns = —\/75812 4612 g (157)
\/75812 —4612 \/75

Trong trudng hgp neutrino 1a hat Majorana va ma tran khéi lugng ctia lepton
mang dién tich 1a chéo héa duge, khi d6 ma tran tron trong phuong trinh
dugc st dung dé chéo héa ma tran khoi luong. Néu ta c6 ma tran khéi
luong c6 dang chua chéo héa M, khi d6 ta c6 thé dua M vé dang chéo duéi
phép bién doéi sau:

M9 = Ut MU (1.58)
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trong d6 U = Upjsns. T day suy ra:
M =UM®*9yT, (1.59)

trong d6 dang ma tran chéo clia ma tran khoi luong:

My 0 0
MY =1 o A, 0 |- (1.60)
0 0 M;
Tt phuong trinh ta suy ra:
C12 —\/75512 \/75812
Ut = S12 72012 —\/75012 : (1.61)
0 V2 V2
2 2

Khi d6, ma tran khéi luong duge suy ra dua vao biéu thic lien hé | ta thu

dugc:

Mlc%Z 4+ M28%2 (M2 — Ml) —01\2/3512 (M1 — Mg) —01\2/%12

M: (M2 —]\41)M % (M18%2+M20%2—|—M3) —% (M18%2+M20%2 —Mg)
(M1 — Mg) £12512 —% (M18%2 —|— MQC%Z — Mg) % (M18%2 —|— MQC%z —|— Mg)

S

V2
(1.62)
Ma tran M c6 dang tong quat:
Mee Moy  Mer a b —b
M=|M,. M, M,|=|b ¢ d], (1.63)
M;e M, M., -b d ¢

trong d6 cac thanh phan a, b, ¢, d tuong ng véi cac yéu toé trong ma tranm
Tit ma tran khéi lugng ta thay M, = M., va M, = M,,, diéu nay thé hien
tinh doi xitng gitta  — 7. Do d6 viéc do chinh x4c 693 12 mot cong viéc quan
trong.

Trong thuc nghieém, dé xac dinh gié tri clia goc O3 ngudi ta dya vao viec

do xé&c suat bién mat clia neutrino vi muon P(r, — v,,) hodc xac suat xuat
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hién ctia neutrino vi electron tit neutrino vi muon P(v, — v, ). Tl cong thic

xap xi cia P(v, — v,) trong phuong trinh |1.45 ta thiy, xac suat bién mat ti

lé thuan véi sin? 2053 hay noéi cach khac, cac thi nghiém dao dong neutrino c6
kha ning do chinh xéc sin® 26a3 tit viee do P(v, — v,). Tit day ta suy ra gia

tri clia sin” fa3 sé dude xac dinh thong qua sin® 26,3 theo cong thic sau:
.2 _ 2 _ .2 2
Sin 2(923 =1 — cos 2923 =1- (1 — 2sin 923) (164)

Néu 023 # /4, ta 6 hai gia tri cho sin® fy3:

1
sin? fg3 = 3 <1 + 1/1 — sin? 2923) (1.65)

Duta vao biéu thitc trén ta thay, viec chi sit dung xéc suat bién mat khong the
biét duge chinh xac lieu sin® 053 > 0.5 hay sin? 653 < 0.5 vi ching cho cung
mot gid tri xac sudt Py, (023) = Py (/2 — 0o3) (hinh[1.2]trai). Tinh chét nay
dugce goi 1a tinh suy bién nai tai clia 63 trong cac mau sb lieu bién mat hay
con goi 1a tinh chat “géc bat phan” clia 093 trong d6 goc bat phan 093 duge xac
dinh 1& tap céc gia tri that clia sin® O3 ¢6 tinh chét suy bién néi tren. V6i céc
gia tri sin® A3 > 0.5, ta goi cac gia tri d6 thuoc ving cé géc bat phan 16n hon

/4, va vung vi tri géc bat phan nhé hon 7/4 véi cac gia tri sin? 6,3 < 0.5.

Survival probability P(v,— v,) Appearance probability P(v,— v,)
(at L=295km, E =0.6 GeV) (at L=295km, E =0.6 GeV)
CAnARRNBANMIRSSL.

Bcp

-3 I T
03 035 04 045 05 055 06 065 0.7
Sine,, Sin0,,

-3
03 035 04 045 05 055 0.6 065 0.7

Hinh 1.2: Xéc sudt dao dong va su suy bién sin® 6a3 — 5o p. Hinh trai mo ta

xac sudt bién mat v, — v, hinh phai mo ta xac suat xuat hien v, — ve.

Mat khac, xac suat xuat hién neutrino vi electron tit neutrino vi muon

lai ¢c6 do nhay cao doi véi su suy bién clia a3, do dé c6 thé xac dinh vi tri
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géc bat phan a3 v6i do chinh xac cao dya vao cac mau so lieu xuat hién nay.
Tuy nhién, sy suy bién nay khong phai 1a suy bién noi tai ma bi &nh hudng

bdi sy két hgp ciia cac thong s6 khac nhau [28]:
Ppe(923a01335C’P) :Pue(ﬂ-/2_023a /13’5/C’P) (166)

Pue(023, Az1,0cp) = Pue(m/2 — 023, —Asz1,00p) (1.67)

Do dé, viéc gidi quyét tinh suy bién ctia 613 —35cp v Az; —dcp ¢6 kha nang cai
thien do nhay ctia cac mau s6 lieu xuat hién doi véi kha nang xac dinh chinh
xac vi trf géc bat phan 0y3. D6i v6i suy bién 013 — dcp, cac két qua cho thay
thi nghiem Lo phan tng hat nhan c6 thé do chinh xac sin? 2603 tit mau s6 lieu
bién mat clia phan neutrino vi electron (cong thiic ma khong phu thudc
vao dcp VA si suy bién clia fo3. Dieu nay sé lam gidm cac sai s6 lien quan dén
013 do6i v6i sy suy bién goc bat phan. Do d6, viéc rang buoc 6,3 tit thi nghiem
10 phan ting hat nhan cai thiéen dugce tinh suy bién ctia 613 — dcp dua vao moi
quan hé ctia hai tham sd nay. T d6 cai thien do chinh xac trong phép do
tham s6 khi quyén 63. Ngoai ra, cac thi nghiem dao dong neutrino st dung
may gia toc c6 kha niang dat duge do nhay cao trong phép do dcp, Oas, Am%l
va vi thé sé cai thien dudgc do suy bién clia phép do Az — dcp va 013 — dcp,
tir d6 cai thien do nhay ciia géc bat phan s mot cach dang ké. Hay néi cach
khac, ching toi mong doi rang sy két hop ciia thi nghiem Hyper-K vé6i thi
nghiém 10 phan tng hat nhan va cac thi nghiém neutrino st dung may gia
toc co tiem ning cai thién suy bién Oy3 tit cac mau s6 lieu xuat hieén. Hinh
(phai) mo t& tinh chat suy bién ciia 6o p va sin? fy3 trong cac mau sb lieu
xuét hien. Do d6, néu sin” 3 duge xac dinh chinh xéc thi diéu nay sé gop
phan cai thien do nhay trong phép do pha pha vé déi xiing CP trong phan
hat lepton.
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Chuong 2. THf NGHIEM HYPER-KAMIOKANDE

2.1. GIOI THIEU THI NGHIEM HYPER-KAMIOKANDE

Thi nghiém dao dong neutrino v6i dudng co sé dai dong vai tro quan
trong trong viéc nghién citu vi pham déi xing CP trong phan lepton, 1& bang
chitng gian tiép cho dau hiéu bat déi xitng gitta vat chat va phan vat chat
trong Vi Tru. Thi nghiém Hyper-Kamiokande (Hyper-K) 13 thé he tha 3
clia cac thi nghiém neutrino st dung may gia toc duge xay dung tai Nhat Ban
sau thi nghiem T2K, da dugc khéi cong xay dung tit 2020 va du kién bat dau
hoat dong tit nam 2027. Két cau ctia thi nghiém bao gom ba phan chinh: Khu
lien hgp nghién cttu may gia tdc proton Nhat Ban J-PARC, bo do gan va bo
dd xa hinh 2.1]

J-PARC II Target l{}cum h S
accelerator dump
accelerator; P i, v,
— T — -~ - = '-'E-'"”’ | ( |
Vicran v - o :2.5 %%

Decay volume  monitor, Near detectors ]"‘]“]"1"1“.'1“"
(Hyper-K)

Om 118m 2éOm 2‘)]5km
Hinh 2.1: Két cau chung ctia thi nghiem Hyper-K.

Hyper-K hoat dong nhuw mot may do xa st dung chtim neutrino vi muon
(phan neutrino vi muon) tit J-PARC. Sau d6, céc neutrino duge do lan dau
bdi bo may do gan trude khi giti dén méay do xa (hinh [2.1). Bing céch so sanh
thong tin gitta cac may do gan v may do xa, thong tin dao dong dudce trich

xuat. Hé thong cac bo do ciia thi nghiem Hyper-K dudgc cai tién so vdéi thi
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nghiem T2K v6i muc tieu dén 2027, thi nghiem Hyper-K sé thu dugc lugng
dit lieu gap 20 lan so véi dit lieu hién tai cia T2K. Thi nghiem Hyper-K sé 1
mot thi nghiem nghién citu day trién vong trong thoi gian t6i véi rat nhieu

kham pha vat ly dang dugc chs doi.

2.1.1. Pudng chum tia neutrino cho thi nghiém Hyper-Kamiokande

Khu lien hgp J-PARC bao gom mot méay gia téc tuyén tinh (LINAC)
nhu mot hé thong phun, may gia téc tron - Rapid Cycling Synchrotron (RCS)
va may gia téc tron chinh - Main Ring synchrotron (MR). Dé tao ra chum
neutrino cuong do cao hon, cong suat may gia téc J-PARC sé dudc nang cap
tit 500 kW & thoi diém hien tai léen 1.3 MW vao nam 2026. Cac proton véi
nang luong 30 GeV tit may gia toc ban vao bia lam bang than chi dai 91 cm va
tao ra cac hat mang dién tich chtt yéu Ia pion va kaon. Nhitng hat pion va kaon
mang dién tich nay sau dé dude hoi tu béi mot hé thong 3 siéu nam cham dién
hinh sting goi la cac "horn” truée khi chiing duge phan ra thanh cac muon va
neutrino ¢ buong phan ra dai 96m. Cac cyc ctia dong dién trong 6ng dién ti
xac dinh hat dién tich nao dugc hoi tu, cho phép tao ra cac chum tia neutrino
hosc phan neutrino tuong tng. Khi dit chiéu ciia dong dién & hé thong horn
theo huéng ctia chum tia, nhitng hat pion va kaon c6 dién tich duong sé dugce
hoéi tu va phan ra thanh cac hat neutrino, ta goi day la r-mode. Ngugc lai,
v-mode c6 thé thu duge bing cach doi chiéu dong dien. Khi cudng do dong
dién & he thong horn cang 16n, cang nhiéu neutrino (hay phan neutrino) dugc
tao thanh. He thong horn trong thi nghiem Hyper-K sé dudc nang cap véi
cuong do dong dién 320 kA nham thu dudce nhiéu dit lieu hon. Cac neutrino

vi muon dudc tao ra bdi sy phan ra ctia cac pion va kaon tich dién duong:

at = ut +u,, (2.1)
Kt —ut +u,, (2.2)

Kt — ut 4+ v, +7° (2.3)
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trong khi cac phan neutrino vi muon dugc tao ra tit cac phan ra cia pion va

kaon tich dién am:

T = 4 ,, (2.4)
K™ = pu +v,, (2.5)
K —u +u,+n° (2.6)

Tuy nhién, ngudn neutrino chtt yéu la tit su phan ra ctia 7+. Hau hét p*
duge dimng lai trong bé hap thu (beam dump) nim & cudi budng phan ra va
ve(7,) tit phan ra pu* dong gop nhoé hon 1 % vao tong thong lugng neutrino
& nang lugng 0.6GeV. Cac chiim neutrino c6 thé dugc kiém soat, gidm sat
mot cach gian tiép bang cach nghién cttu cac thuoc tinh clia muon trong cac
hé diéu khién muon (muon monitor) dudc dit ngay phia sau ctia bé hap thu.
Chum neutrino ngay sau khi dugc tao ra (chua dao dong) sé duge do dac bdi
may do gan. Sau dé chiing sé tiép tuc chuyén dong trong khong gian va dao
dong. Tai khoang cach khoang 295 km, cac trang thai neutrino sau khi dao
dong duge do bdi may do xa. Bo do xa duge dat & vi tri 1éch truc 2.5° so véi
huéng chiim tia dé tao ra phd nang lugng hep c6 dao dong cuc dai tai dinh
600 MeV v6i duong co s 295km. S do thi nghiem Hyper-K véi duong chtim
tia neutrino, cidc hé thong may gia toc va may do dugc mo ta trén hinh

2.1.2. B0 do cua thi nghiém Hyper-Kamiokande

Bo do ciia thi nghiem Hyper-K bao gom hé thong bo do gan va bo do xa.
Bo do gan cta thi nghiem Hyper-K dugc st dung dé do thong lugng va tiét
dién tan xa neutrino, cac tuong tac ctia neutrino véi vat chat. Qua do c6 thé
tien doan va hiéu chinh lugng neutrino c6 thé dén duge bo do xa. Thi nghiem
Hyper-K duy dinh tiép tuc st dung bo do gan ctia thi nghiem T2K [42]. Tuy
nhién, can cé sy nang cap v phat trién mot bo do gan rieng nhim giam cac
nguon sai sé tit thong lugng neutrino va tiét dien tan xa dé tang ti lé sy kien
quan sat trong bd do xa va thu duge lugng dit lieu cao hon. Cac phan tich

ctia thi nghiém T2K cho thay cic nguon sai s6 chii yéu do sy khac biét clia
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vat lieu bia gitta bo do gan va bo do xa va bédi sy gidi han ciia ving thu nhan
trong bo do gan ND280. Cu thé, bia cia bo do ND280 hau hét 13 hydrocacbon
(CH) trong khi bia ctia bo do xa Super-K (Hyper-K) 1a nuéc. Do d6, dé gidm
thiéu céc sai s6 he théng khong mong mudn, WAGASCI (bo do neutrino diing
nude va chat phat quang nhap nhay) duge xay dung 6 tang B2 clia toa nha
bo do gan & vi tri géc léch truc 1.5°. Muc dich chinh ctia bo do WAGASCI
la dé do ti s6 tiét dién tan xa dong tich dien (CC) gifta bia nuée va CH véi
do chinh xac t6t hon 3%. Dong thoi, WAGASCI diing dé do cac kénh tuong
tac CC khéac nhau cta neutrino va bia v6i do chinh cao va vung thu nhan
16n dén 47. Hon thé nita, bo do gan Cherenkov chita nude (WC) c6 thé dudc
st dung trong thi nghiem Hyper-K dé do truc tiép tiét dien tan xa neutrino
trong nudc v6i cuing ving thu nhan nhu § may do xa ma khong can cac phép
phan tich loai bd cac tin hiéu nhiéu. WC cho phép ta thu duge tin hiéu ti
cac mau v, — CC, v, — CC va cac mau tin hiéu tit tuong téac dong trung hoa
NC7O. Ti le gitta cac mau CC7¥ va cac san pham kaon trong céc tuong tac
neutrino dugc xem nhu cac tin hiéu nhiéu cho cac nghién ctu phan ra nucleon.
Ngoai ra, thi nghiém Hyper-K du dinh xay dung bo do Cherenkov trung gian
(IWCD) chita ~ 600 tan nuéc va sé duge xay dung tai khodng cach ~ 1km ti
nguodn neutrino. Dong thai, Gadolinium dude hoa tan trong nuée dé ting kha
nang bat cic notron trong nudc. Muc dich ctia IWCD la do phd nang lugng
tai cac vi tri lech truc khac nhau trong khoang 1° — 4° dé kiém soat céc vi tri
lech truc clia chiim tia neutrino. Chi tiét cac du 4n xay dung cho bod do gan
c6 thé tham khao tai [4]. V6i sy nang cap clia bo do gan, thi nghiem Hyper-K
hy vong sé thu dugc lugng neutrino 16n trong bo do xa va tang lugng dit lieu
thu nhap dugc.

Hyper-K hoat dong nhu mot bd do xa, st dung cong nghé may do
Cherenkov dé phét hién cac tuong tac clia neutrino va kha ning phan ra
clia proton va ndtron lién két. Bo do Hyper-K dudc thiét ké dya trén bo do
Super-K hién c6, tuy nhién bo do Hyper-K dudc cai tién vé cac thong sb ki
thuat va cac thiét bi do v6i hy vong thu duge nhiéu dit lieu cho cac két qua

do v6i do chinh xac cao. Bo do Hyper-K nam cach bo do Super-K 8km vé
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phia Nam thudéc M6 Tochibora cta cong ty khai thac va luyén kim Kamioka,
gan thi tran Kamioka & tinh Gifu, Nhat Ban (v& dy dinh xay dung mot bo
do Cherenkov khac duge dat tai Han Qubc cach J-PARC 1000km). Duong
chiim tia neutrino ¢ J-PARC dugc thiét ké dé bo do Super-K hién c¢6 va bo
do Hyper-K c6 cuing géc léch truc. Bo do Hyper-K nam sau trong long dat
dudi mot 16p da day 650m dudi dinh Nijuugo dé che chin khéi cac tia vii tru
va do dé cho phép gidm thiéu dude cac tin hiéu nhiéu dén tit moi trusng bén

ngoai. CAu hinh ctia bo do dugce thé hién tren hinh

Detector details
Upper par of the detector -

Hyper-K detector schematic diagram

Hinh 2.2: Cau hinh bo do xa ctia thi nghiem Hyper-K .

Thiét ké cho mdi bo do xa 1a mot bé hinh tru, c6 chiéu cao 60 m va duong
kinh 74 m chita 258000 tan nude sieu sach (gap ~ 8.4 lan thé tich nuéc clia
Super-K). Bé nu6c bao gom hai phan 1a phan bén trong Inner detector (ID)
va phan bén ngoai Outer detector (OD) ngén cach bdi ving khong nhay sang
c6 bé day 60cm. ID c6 dang hinh tru véi dudng kinh 70,8 m, chiéu cao 54,8 m
va ¢6 khodng 40000 den nhan quang dién (PMT) cuc nhay sang c6 dusng kinh
50 cm dugc lip dat trén thanh bé véi do bao phtt 40%. Tai day, cac neutrino
dén tuong tac v6i cac hat nhan ctia nuée tao ra cac hat mang dién tich bao
gom muon va electron. Neutrino vi muon tao ra muon va neutrino vi electron

tao ra electron thong qua quéa trinh tan xa gid dan hoi:
vy +n—p +p, (2.7)

E/J +p — ,LL+ + n, (28)

Ve +n— e +Dp, (2.9)
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Ve +p—et +n. (2.10)

Cac hat mang dién nay khi di qua moéi truong nuée c6 van toc 16n hon van
toc anh sang trong moi truong nudc sé tao ra cac tin hieu quang Cherenkov
va duge thu nhan bdi cac PMT duge 1ap dit trén thanh ctia bo do. Bo do
Hyper-K st dung cac PMT loai méi R12860 cia Hamamatsu c¢6 do phan giai
thoi gian tot hon va hiéu suat 1a 24% gap doi so v6i cac PMT R3600 dugc st
dung trong bo do Super-K. Cac PMT cuc nhay nay c¢6 kha ning phat hién anh
sang Cherenkov rat yéu dudc tao ra do tuong tac clia neutrino véi hat nhan
trong nuéc va khuéch dai cac tin hiéu lien quan dén céc tuong tac neutrino.
Phan thé tich hiéu dung (FV) dugc xac dinh 1a thé tich bén trong ID va cach
bé mit ID 1,5 m, c6 thé tich 187000 tan gap hon 8 lan so véi thé tich hieu
dung ctia Super-K. Trén bé mat ctia OD dugc 1ap diat béi khodng 6700 PMT
c6 duong kinh 20 cm hudng ra ngoai. Mat do sé lugng PMT & OD 1a khoang
1PMT/3m?, bang mot phan sau s6 lugng PMT trong ID. Muc dich ctia OD
la dé xac dinh céc sy kién xay ra trong bo do 1a xuat phét tit bén trong bo do
hay tit bén ngoai di vao, tit d6 loai bé cac su kién khong phai xay ra tit bén
trong bo do. Do d6, gitip han ché cac tin hiéu nhiéu tit bén ngoai khi di vao

trong phan ID.

2.1.3. Tiéem ning vat 1y ctia thi nghiém Hyper-Kamiokande

Bo do xa Hyper-K sé 1a bo do Cherenkov 16n nhat thé gi6i véi lugng dit
lieu 16n. Hyper-K sé vira la kinh hién vi ding dé quan sat céc hat co ban, vita
la kinh thién vin ding dé nghien ctu Mat Troi va céc siéu tan tinh thong
qua hat neutrino. Thi nghiém Hyper-K nhim muc dich lam sang t6 1y thuyét
Thoéng Nhat, gidi thich syt hinh thanh va tién héa ctia Vit Tru thong qua viéc
tim kiém s phan ra proton, dau hiéu vi pham déi xting CP va quan sit cac
hat neutrino tit cac vu no siéu tan tinh. Muc tiéu ma thi nghiém huéng dén
la cung cap cac phép do véi do chinh xac cao nhat c6 thé vé vi pham déi
xting CP trong phan lepton, c6 thé gidi thich dudc sy bat déi xting baryon
trong Vii Tru. Dy kién dén nam 2027, vé6i 2.7 x 10?2 POT cho ci v-mode va
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v-mode trong thdi gian hoat dong 10 nam, Hyper-K mong dgi c¢6 thé loai gié
tri clia dop c6 sindcp = 0 véi mitc ¥ nghia thong ké dén do tin cay 8o tai
docp = —m/2. N6 ciing sé 14 mot bo do c6 kha ning quan sat neutrino khi
quyén va neutrino tit cdc nguon bén ngoai Trai Dat véi do nhay vugt xa so
v6i bo do Super-K trude dé. Cac neutrino trong khi quyén sé cho phép xéc
dinh thit ty phan bac khdi lugng neutrino va cac phép do 6a3 v6i do chinh
xac cao. Sai s6 mong doi tai do tin cay 1o cho sin? A3 12 0.017(0.006) tng v6i

sin® a3 = 0.5(0.45) va sai s6 trong phép do Am2, 1a dudi 1% [4].

2.2. MO PHONG THI NGHIEM HYPER-KAMIOKANDE VOI
GLoBES

2.2.1. Phan mém mé phéng GLoBES

GLoBES (dugc viét tat ctia “General Long-Baseline Experiment Simula-
tor”) |43] 14 mot cong cu phan mém linh hoat dude st dung dé mo phéng va
phéan tich cac thi nghiém dao dong neutrino v6i dusng co s dai, st dung mo
hinh dao dong ba trang thai vi clia neutrino. G6i phan mém nay dudgc tach

thanh hai phan nhu trén hinh

..........................................................................................

AEDL GLoBES User Interface

Abstract Experiment C—libra N
92 ry which loads
Definition L
mition Language —_— — AEDL Ile(s} and
* provides functions to

Defines Experiments L N
and modifies them simulate experiment(s)

e 1

Application software to compute
high—level sensitivities, precision etc.

Hinh 2.3: Cau hinh chuong trinh GLoBES [43].

Dau tién la ngon ngit dimg dé mo td thi nghiem duge xac dinh trong
mot tép goi 1a AEDL (duge viét tat ctua “Abstract Ezperiment Definition
Language”) cho phép mo ta hau hét cac thi nghiem duong co sé dai va thi

nghiém 1o phan tng hat nhan. Tép AEDL chita cac thong tin ¢ ban mo ta thi
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nghiém bao gom: tiét dién tan xa, thong lugng neutrino, ham phan giai ning
lugng, cac loai tuong tac dude xac dinh dudi dang cac kénh, cac thong s6 ki
thuat cho may do, hiéu suat tin hieéu goc, tin hiéu nhiéu va cac sai s6 thong
ké,... Cac thong tin dit lieu c6 thé dude cap nhat sdn tir bén ngoai hoac duge
cung cap va hiéu chinh béi ngudi st dung dé c6 duge mo phéng gan nhat véi
thi nghiém thuc. Phan th hai cung cap thu vien C dé xit Iy cac thong tin
thi nghiem dugc xac dinh trong tép AEDL nhim cung cap cac thong tin can
thiét cho ngudi ding bao gom xac suat dao dong, ty 1é su kien va gia tri y?
cho tat ca cac kénh dao dong trong mot thi nghiém nhat dinh hosc sy két hop
gitta cac thi nghiem khac nhau. x? 1 dai luong dac trung cho miic ¥ nghia
thong ke d6i v6i mot phép do dude tinh theo cong thic:

=) % (2.11)

v6i E 13 gia tri ky vong , O la gia tri quan sat duge. Trong thiyc nghiem, x?
1a gia tri dé do su sai khéc gitta mot pho ta chon la gia tri that v mot phd ta
chon la gia tri kiém tra. x? cang nhoé thi cac pho nay cang khép véi nhau. Khi
d6 mic y nghia thong ké ctia mot phép do (o) sé duge xac dinh la o = \/A—Xz
v6i Ax? 1a do chénh lech clia gié tri x? so véi gia tri x? nho nhat. o cang 16n,
mic ¥ nghia théng ké cang 16n va ngude lai. Tinh ning nay duge tng dung
trong nghién citu do nhay ctia cac phép do, do chinh xac clia cidc tham s6 dao
dong,... Thu vien GLoBES con cung cap cac cong cu thie hien mo phdéng cac
dao dong ctiia vat chat véi cac cau hinh mat do vat chat tuy ¥ va tinh toan cac
sai s0 clia cac tham s6 dao dong. Tinh ning quan trong nhat ciia GLoBES la
no6 c6 thé cung cap cac cong cu toan hoc hitu ich dé thu céc gia tri hinh chiéu
ctia x2, 1a mot ham clia tat ci cac tham s6 dao dong, lén bat ky khong gian
con nao ciia cac tham sé bang cach thu nhé cuc bo. Vi duy, cac phép chiéu gia
tri x? lén truc sin? fy3 hay mat phang sin? fy3-0¢ p, hodc cac mit phing da
chiéu, cho phép ta xéac dinh sai s6 ctia phép do cic tham s6 dao dong hay mbi
quan hé suy bién ctia cdc tham s6. Ngoai ra, tat ci cac tham s6 dao dong c6
thé dugc giit tu do dé khoanh ving cac nghiém suy bién vé mit sé hoc. Day

14 mot tinh nang rat can thiét trong viéc phan tich phép do cac tham sb, dic
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biét 1a trong thi nghiém dao dong neutrino v6i dudng cd s dai.

GLoBES cho phép mo phéng cac thi nghiém vdi cac ngudn neutrino,
trong d6 mdi thi nghiem dudc gid dinh chi c6 mot nguon neutrino, gidng nhu
cac thi nghiém st dung nguon neutrino tit may gia toéc va thi nghiém 10 phan
ting hat nhan. Do d6, né khong thé moé ta cac hi¢u tng hinh hoc ciia ngudn
phan bé lién tuc, chdng han nhu trong truong hop Mit Trsi hodic khi quyén
va cac nguodn c6 sy phu thuoe dang ké vio thai gian (vi du cic thi nghiém sieu
tan tinh). GLoBES dugc st dung pho bién trong mo phéng cac thi nghiem
dao dong neutrino dé khao sat phép do cac tham sd dao dong nhu cac thi
nghiem MINOS, T2K, NOvA, JUNO,... Trong nghién cttu nay, ching toi sit
dung GLoBES cho mo phoéng thi nghiem Hyper-K va khao sat do nhay doi

v6i phép do cac tham s6 dao dong trong thi nghiém.

2.2.2. Chi tiét thiép lap mo phong thi nghiém Hyper-Kamiokande

Phan mém mo phéng céc thi nghiem duong co sé dai GLoBES [43-45]
dude st dung dé mo phéng thi nghiem Hyper-K va tinh toan miic ¥ nghia
thong ké cho do nhay ctia cac phép do. Trong mo phéng thi nghiem Hyper-K,
4 mau dit licu mo phéng duge sit dung cho méi quy tac bao gom: cac mau soé
lieu bién mat ctia v, va cdc mau s6 lieu xuét hién cla v, xét trong ca v-mode
va v-mode (v, — v, Uy, — Uy, Vy — Ve, U, = V). Thong lugng st dung tit
tép dit lieu ngoai dude cung cap bdéi thi nghiém nay cho ca v-mode va v-mode
duge mo tad nhu hinh D1t lieu thong tin tiét dién tan xa cho thi nghiem
xét cho cac ving niang lugng thap duge dua ra tai [46] va trong ving niang
lugng cao [47]. V6i cong suat chum proton 1,3MW tao ra cac proton véi ning
luong 30GeV, tuong tng v6i mdi nim s6 proton dugc st dung dé tao chiim
neutrino 1a 2.7 x 10?2 POT. Trong do6, 2.7 x 10?2 POT dugc chia theo ti 1& 1:3
tuong tng véi ti l1é thoi gian chay may 2.5 nam va 7.5 nam véi lugng dit lieu

cho v-mode va r-mode.



39

flux for v mode 1

HK fl

=

Flux (/cm?50 MeV/1x10? POT)
Flux (/cm?50 MeV/1x10% POT)

Hinh 2.4: Thong lugng neutrino sit dung trong mo phong thi nghiém Hyper-K

cho v-mode (trai) va r-mode (phai).

Véi: AE = 0.05GeV, A = 1lcm?, L = 295km, m,, = 187kton., ta co:

e Khoéi lugng mol ctia HoO 1a 18g.

187kton nude c6 B0 4 6,022 + 1028 = 6256188889 x 10°* nguyen tit.

M&éi nguyeén tit HoO ¢6 10 proton (8 proton lién két va 2 proton ty do).

Do dé s6 proton c6 trong 187kton nudc la: 7 = 6.256188889 x 1034
e Suy ra mLu = 3.345555556 x 1032

Gia st thoi gian chay trong mot nam 1a 107s, khi doé:

£ 102 POTy !
== 30GeV Xu??s OTy " MWy~ = 0.48

Thay cac gia tri trén vao phuong trinh ta thu dugc hé s6 chuan hoéa
1a: @Qnorm = 1.166454216 tuong ng v6i sd proton trén bia la 102! POT cho
(2.5+7.5) nam trong (v + ) modes. Xét tong s6 lugng proton duge st dung
dé tao ra chtim neutrino 1a 2.7 x 1022POT va diéu chinh gia tri cia @norm dé
dat dugce phd ti 1é sy kien nhu trong md phéng MC ctia thi nghiem [4], ta thu
dudc gia tri ¢d dinh Qnorm = 39.0104. Céc thong s6 khac duge st dung dé
thiét lap mo phong cho thi nghiem Hyper-K dugce tém tat trong béng Cac
cau lenh mo ta cac thong tin thiét lap cho thi nghiem Hyper-K dugc tham

khéo & phu luc A. Cac ham phan gidi nang lugng cho cac tuong tac dugc
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xac dinh va hiéu chinh dé c6 dugce sy phit hgp ctia mo phéng GLoBES va mo

phéng MC ctia thi nghiém Hyper-K chuan da dugce cong b 4 tai licu [4] trong

tiém ning vat 1y ciia cdc phép do (phu luc B).

Bang 2.1: Thong s6 ki thuat trong thiét 1ap thi nghiem Hyper-K

e Thoi gian chay

e Tong sé6 proton dudc s
dung dé tao chiim neutrino
e Céng suat chum proton

e Khéi luong may do

e Cac sai so hé thong

e Do phan giai nang luong

e Cita s0 nang luong

e D6 rong ciia méi bin

Théng s Gia tri
e Dudng co sé 295 km
e Mat do vat chat [48] 2.6 g/cm?

2.5 (7.5) nam trong v () mode
2.7 x 10?2 POTs

1.3 MW
187 kton
@signalerror = 0.05 : 0.025
@backgrounderror = 0.1 : 0.025
7.5% x /E(GeV) (CCQE)
20% x \/E(GeV) (CC nonQE)
3% x /E(GeV) (NC)
0.1-1.3 GeV (Mau s6 lieu xuat hien)
0.2-5.05 GeV (Mau s6 lieu bién mat)
0.05 GeV /bin (Mau s6 li¢u xuat hign)
0.1 GeV/bin (Mau s6 ligu bién mat)

Trong thi nghiem Hyper-K, cyc dai dao dong dau tién xdy ra tai nang

lugng ~ 0.6 GeV va cac sy kién neutrino duge tao ra chi yéu tit sy déng gép

clia tuong tac gid dan hoi dong mang dien (CCQE). Véi cac mau sb lieu xuat

hien (bién mat) clia v, cac tin hieu géc duge tao ra tuong tng tit v, — v,

(vy — v,) CCQE cho v-mode va v, = v, (7, — 7,) CCQE cho v-mode.

Trong cac mau s6 lieu xuat hién, cac thanh phan noi tai v./v. tit nguon

neutrino, cdc thanh phan ngugc dau nhu v, — Ue (v, — V) trong v-mode
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(r-mode) tuong tng va cac sy kién tir tuong téc ctiia dong trung hoa (NC)
thiét 1ap nén cac thanh phan ctia tin hiéu nhiéu. Trong cic mau so lieu bién
mat, cadc thanh phan ciia tin hiéu nhiéu dén tit tuong tac dong mang dién
khong phai gid dan hoi (CC-nonQE), va tuong tiac NC ctia 7,,. Céc thong sb
hiéu suat cho mdi kénh tuong tac tuong ting véi cac thanh phan ciia tin hiéu
goc va tin hiéu nhiéu dude xac dinh 1 ti s6 clia cic sy kién tim thay trong
mau dit lieu so véi tong cac tuong tac duge mo phéng va duge cho 1a sé xay
ra trong may do . Bang va, tom tat cac thong sb6 hiéu suat lan lugt
stt dung cho cac mau sb liéu xuat hien vd mau s6 lieu bién mat xét trong ca
v-mode va v-mode. Cac thong s6 nay duge dua ra dua trén mo phong MC
ctia thi nghiém Hyper-K chuan [4] va duge diéu chinh dé c6 duge sy phit hop
gitta ti 1é sy kién tit moé phong GLoBES va mo phéng Monte Carlo (MC) cua

thi nghiém Hyper-K.

Bang 2.2: Hi¢u suat phat hién (%) cho cac tin higu gbc va tin hieu nhiéu trong

cac mau so lieu xuat hien. Xét trong truong hop phan bac khéi luong thuan

va dcp = 0.
Cac mau | v-mode (%) | v-mode (%)
Vy — Ve 61.6 43.59
Dy — T 45.8 68.58
v, CC 0.076 0.02
5, CC 0.0 0.02
ve CC 23.56 12.98
v, CC 12.12 29.62
NC 0.32 0.45
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Bang 2.3: Hiéu suat phat hien (%) cho cac tin hiéu gbéc va tin hiéu nhiéu
trong cac mau so6 lieu bién méat. Xét trong truong hgp phan bac khdi lugng

thuan va dgp = 0.

Cac mau v-mode (%) | v-mode (%)
v, CCQE 69.69 67.39
v, CC non-QE 15.69 15.24
v, CCQE 73.21 73.06
v, CC non-QE 40.56 41.54
ve CC 0.42 0.08
v, CC 0.06 0.30
NC 1.13 1.39
Vy — Ve 1.02 0.46

Gia tri cac tham sé dao dong dudc st dung dé mo phéng thi nghiem
Hyper-K giéng véi gia tri cac tham s6 duge st dung trong moé phéng MC clia
thi nghiem Hyper-K chuan [4] (bang .

Bang 2.4: Gia tri cac tham s6 dao dong dugc sit dung dé lam phu hgp gitta

mo6 phéng GLoBES va mé phong MC ctia thi nghiém Hyper-K.

Thong sb Gia tri

sin” 26,5 0.8704

sin? 265 0.1

sin? 63 0.5

Scp 0

Am3, 7.6 x 107%eV?/ct
Am3, 2.4 x1073eV?/ct
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2.2.3. Pho ti 1é su kién tit m6 phéng GLoBES

QuA trinh mo6 phéng thi nghiem Hyper-K dudc tién hanh dya trén tép
mo ta thi nghiem AEDL véi cac thong sé ki thuat va dit lieu nhu duge mo
t4 & phan trén. Khi d6, thu vien C ctia GLoBES sé xtt 1y cac thong tin trong
tep AEDL va cho ta ti lé su kien dudc tao ra béi thi nghiem. Pho ti 1é su kien
thu dugc tit mé phéng GLoBES dudc so sanh vé6i pho ti 1é sy kién trong mo
phéng MC ctia thi nghiem Hyper-K [4]. Su sai khac gita hai pho nay dudc
xtt Iy mot cach dinh lugng bang cach st dung cac thong s6 sau hiéu chinh
(post-smearing), 1a t1 s6 ctia dit ligu thu duge tit GLoBES va dit lieu mo phong
MC, tit d6 cho phép ta khdp pho ti 1é su kién thu duge tit mo phéng GLoBES
va mo6 phong MC.

Hinh va mo ta pho ti lé su kién ciia thi nghiem Hyper-K xét rieng
tirng kénh nhw mot ham ctia nang lugng neutrino tit moé phong GLoBES. Bang
va thé hién su so sanh s6 su kién thu dugc tit mo phong GLoBES va
mo phéng MC ciia thi nghiem Hyper-K. Céac sai s6 chuan hoéa (sai s6 hiéu
chuan ning lugng) cho tin hiéu goc va tin hi¢u nhiéu duge st dung trong cac
mAu mo6 phéng tuong tng lan lugt 1a 5% (2.5%) va 10% (2.5%). Ta thay pho
ti 1é sy kién tit mo6 phong GLoBES thu duge kha phu hop so véi dit lieu mo
phéng MC cuia thi nghiém Hyper-K.

g240 —— HKTDR, Total gaoof- —— HKTDR, Total
§ 220 —— HKTDR,v,—> v, § 200 —— HKTDR,v,—> v,
5 200 HK TDR, v, ¥, g HK TDR, ¥,~ ¥,

€

5

z

---- GLoBES, Total
---- GLOBES, V= Ve
--- GLoBES, V> V,

3 @
3
I

---- GLoBES, Total
"1 ----GLOBES,v,— v,
—---- GLoBES, v,—> V,

N
=)
‘\H‘\H‘\H‘\H‘H\‘H\‘H\‘\H‘\H‘H\‘\H‘H\‘

S N TR T U JU U S R U S S g L E s i1 P P L e
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
Reconstructed Energy [GeV] Reconstructed Energy [GeV]

Hinh 2.5: Pho ti lé sy kien tit mo phéng MC (HK TDR) ctia thi nghiem
Hyper-K va GLoBES trong cac mau s6 li¢u xuat hién v, /v, cho v-mode (trai)

va v-mode (phéi).
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Hinh 2.6: Pho ti lé sy kién tit mo phéng MC ciia thi nghiem Hyper-K va

GLOBES trong cac mau s6 liéu bién mat v, /7, cho v-mode (trai) va v-mode

(phai).

Béng 2.5: Ti 1é su kién ctia v, /7, cho mdi kénh va loai tuong tac thu dugce tir

GLoBES va mo6 phéng MC ctia thi nghiém Hyper-K.

Ve Ve Vp+ Uy | Vet Te Téng
CCQE | CCQE CC CC NC
v-mode MC 1643 15 7 259 134 2058
GLoBES | 1737.21 | 25.5174 9.19 314.12 | 77.1 | 2163.1374
v-mode MC 206 1183 4 317 196 1906
GLoBES | 223.785 | 1221.77 2.29 354.8 89 1891.6

Bang 2.6: Ti l¢ su kién cta v, /7, cho moi kénh va loai tuong tac thu duge ti

GLoBES va mo6 phéng MC ctia thi nghiém Hyper-K.

v, CC v, CC Ve + U Vy — Ve Tong
(non)QE | (non)QE CC NC
v-mode MC 9024 542 6 480 29 10080
GLoBES | 8885.77 703.577 5.56 480 36.5 10111.4
v-mode MC 5053 8060 7 603 4 13726
GLoBES | 5042.03 8285.78 3.35 603 2.82 13937
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2.2.4. D6 nhay trong phép do sin® 6,3 — Am2, tit mé phéng GLoBES

V6i tép AEDL mo6 t& thi nghiem hién tai, pho ti 1é sy kién tit mé phong
GLoBES da dat dugc su phiut hgp véi mo phéng MC cia thi nghiém Hyper-K.
Bén canh d6, mé phéng GLoBES clia thi nghiém phai ddm bdo tiém ning
vat 1y ma cac phép do dat dugc phai phu hgp v6i moé phong MC. Theo cac
két qua phan tich dit lieu tit mo phéng MC ctia thi nghiem Hyper-K, phép
do 03 dat duge do chinh xac 1a 3.4% tai sin® fo3 = 0.5 va phép do Am2, dat
do chinh xac 0.58% tai Am2, = 2.4 x 1073eV?/ct ¢ do tin cay lo. Cac két
qué nay dugc xét cho truong hgp phan bac khdi Iuong thuan va rang budc tit
thi nghiem 16 phan tng hat nhan cho sin® 26,5 = 0.1 4+ 0.015. GLoBES c6 thé
tinh toan céc gia tri x2 tir thi nghiem, cho phép ta xac dinh ving gia tri cho
phép clia cac tham s, danh gia do nhay ctia cac phép do va do chinh xac clia
cac tham so.

Xét do nhay ctia phép do sin® fgg — Am3, trong mo phong GLoBES, qua
trinh x1¢ 1y va phan tich dit lieu duge tién hanh nhu sau. Tai mdi gia tri clia
Am%Q, ta c6 mot tap hop cac gia tri x? dugce tinh tuong tng véi méi gia tri
ctia sin? A3 trong khoang [0.4,0.6]. Sau dé, ta tim gia tri x? nhé nhét trong
tap hop day. Thyec hién tuong tit nhu vay cho cac gia tri khac ctia Am3, trong
khoang [0.0022,0.0026]eV?/ct. Tap hdp cac gia tri x? nhé nhat tao thanh
ving gia tri cho phép ciia phép do sin® 63 — Am3,. Hinh la vung gia tri
cho phép ctia phép do xét tai do tin cay 90%. Vung gia tri cho phép ctia phép
do sin? 3 — Am2, & do tin cay 90% dat dugc sy phit hgp tuong dbi so véi
mo6 phong MC cia thi nghiém Hyper-K. D6 nhay trong phép do tit mo phong
GLoBES va mo6 phéng MC ctia thi nghiém chua thyc sy trung khép mot cach
hoan toan vi mé phéng MC ctia thi nghiem Hyper-K chuan da cong bé khong
cho ta thong tin pho ti lé su kién cho tuong tac NC. Tuy vay, cac két hop thu
dugc kha gan v6i mo phéng MC.
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Hinh 2.7: Ving gia tri cho phép & do tin cay 90% ctia phép do sin? 05 — Am2,
thu duge tit moé phéng GLoBES va mo phong MC ctia thi nghiém Hyper-K.
Hinh trai cho thi nghiéem Hyper-K va hinh phai cho sy két hop Hyper-K véi

thi nghiém 16 phan tng hat nhan (reactor).

2.2.5. D3 chinh xac ctia sin” fo3 v Am3, tit mé phéng GLoBES

Hyper-K + reactor Hyper-K + reactor
21 2
18- 18
% E sin’26,, = 0.8704 16 E sin?26,, = 0.8704
cE sin®26,, = 0.1 “E sin’26,, = 0.1
= sin®0,, = 0.5 14 sin6,,= 0.5
£ 8ep =0 = 8cp=0
12— A md, = 2.4x10° eVi/ct 12— A md, = 2.4x10° eV2ic*
w4 amy=7640° oVire! % = amy=7.640° V! |
08 08—
06 06—
04 0.4
0.2 0.2
E T R S N S T N R R
B 0.55 0.6 0.00236 0.00238 0.0024 0.00242 0.00244

Msp

Hinh 2.8: Do chinh x4c 63 va Am3, trong thi nghiem Hyper-K rang budc béi

reactor xét tai do tin cay lo va sy phan bac khéi lugng thuan Am2, > 0.

Do chinh xac clia sin? fo3(hosic Am2,) duge xéc dinh bing phép chiéu
gia tri x? ciia phép do sin? 3 — Am3, lén trén tham s6 sin® Oa3(hodic Am3,).
Xét sai s6 & do tin cay 1 o, ta c6 do chinh xac clia hai tham s6 dao dong
sin? B3 va Am32, duge xac dinh nhu sau:

e V6i mo phong MC ctia thi nghiém Hyper-K [4]:

sin? fo3 = 0.5 4 0.017 (ting v6i phan tram sai s6 3.4%)

Am3, = 0.0024 + 1.4 x 10~° (ting v6i phan tram sai s60.58%)
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e So sanh vdi két qua tit mo phéong GLoBES:

sin? Oz = 0.575031101 ~ 0.5 + 0.023751 (ng v6i phan tram sai s64.8%)
Am2, = 0.002479-90001019 ~ 0.0024 + 1.0175 x 10~°

(tng v6i phan tram sai s60.42%)

Do chinh xac ciia phép do sin? 0,5 va Am3, trong mo6 phéng GLoBES va
mo phong MC hién tai la c6 sy khac nhau. Tuy nhién ta da cé sg mo phong
gan v6i mo phéng MC va sy khac nhau ctia hai mo6 phéng nay anh hudng
khong dang ké dén viec khao sat do nhay ctia géc bat phan trong thi nghiém
Hyper-K.



48

Chuong 3. PO NHAY GOC TRON 6,; TRONG THI
NGHIEM HYPER-KAMIOKANDE

Trong cac cong viéc duge thie hién sau day, chung toi sit dung gia tri

dau vao cho cac thong s6 dao dong nhu sau:

(sin® 012, sin” 613, sin® Oa3, 6o p) = (0.310,0.02241,0.5, —7/2)

(Amgp Am?ﬂ) = (7.39 X 10_5€V2/C4, 2.523 x 10_36V2/c4)

Khi khong dé cap dén viec khio sat anh hudng clia cac sai s6 hé thong thi
mic dinh céc sai s6 hé thong st dung cho tin hieu goc (signalerror) 1a 5% va
tin hiéu nhiéu (backgrounderror) 1a 10% cho tat ca cdc mau s6 lieu xuat hién

(Vy = Ve, U, — V) va mau so liéu bien mat (v, — v,, v, — 1,,).

3.1. KHAO SAT CAC YEU TO ANH HUONG DPEN PO NHAY
PHEP DO 6,3 VA DPAI LUONG VAT LY PAC TRUNG

3.1.1. Cac yéu t6 anh huéng dén phép do gbéc bat phan 0y

Dé khao sat do nhay ctia géc bat phan 63 trong thi nghiem Hyper-K,
ching t6i thuc hien nhu sau. Tai mdi gia tri that sin® fag (True) va su phan bac
khoi lugng 1a thuan (NH), cac gia tri x? duge tinh tuong ng véi cic gia tri
kiém tra ctia sin® @3 (Test) trong khoang [0.3,0.7], trong d6 xét ci hai trudng
hop phan bac khéi lugng 1a thuan (NH) va nghich ddo (IH). Gia tri x? nhd
nhat trong hai truong hop ctia MH duge 14y 1a gia tri x2 toan cuc (Global).
Thic hién tuong tu nhu vay lan lugt cho céc gia tri that ctia sin? a3 (True)
trong khoang [0.3,0.7]. Tap hop céac gia tri x? toan cuc nay tao nén phan bb

cac gia tri x2 tuong tng véi timg cap gia tri that va gia tri kiém tra sin® 03
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(hinh trai) trong d6 thang mau sic sé tuong tng véi do 16n clia gia tri x2.
Vung gia tri cho phép cua sin? fy3 véi do tin cay 3o dudc thé hién & hinh

phai.

— T
S-GC.L,SCF,:-n/Z:

—Hyper-K

sin“B,; (True, NH)

0'8.3 035 04 045 05 055 06 065 0.7 | -7‘ ‘ ‘0‘-‘3‘5‘ ‘(‘)‘4"‘ ‘9‘4‘5‘ ‘(‘)‘5“ ‘d~‘5‘5‘ ‘(‘)jé‘ ‘0‘~‘6‘5‘ ‘67

Sin2623 (Test, Global) sin"6,, (Test, Global)
Hinh 3.1: Sy phan bd gia tri x? tuong dng véi ting cap gia tri that sin® fas
(True) va gid tri kiém tra sin? fp3 (Test, Global) (trai) va ving gia tri cho
phép clia sin® Aoy v6i do tin cay 3o (phai) trong thi nghiém Hyper-K tai gia

tri that cua dop = —m/2.

Khi d6 miic ¥ nghia théng ké ctia phép do dé loai trit cac két qua véi goc
bat phan sai (wrong octant) duge dua ra tai moi gia tri that cta o3 # /4
dugc tinh bang s chénh léch gitta gia tri nhé nhat cia x? toan cuc xét trong

vung goéc bat phan dung va géc bat phan sai.

AX2 = X2Global min(Wrong octant) - Xélobal min(true octant) (31)

Dai lugng 0 = \/Ax?2 trong cong thiic [3.1|thé hieén miic ¥ nghia théng ké ctia

phép do kha nang loai trir goc bat phan sai ctia 023 hay kha ning xac dinh

gbc bat phan cta thi nghiém.

8.1.1.1. Anh hwdng cia cdc sai s6 hé thong dén do nhay phép do
goc bat phan 03

Trong phan nay, ching t6i khdo sat 4nh hudng clia cac sai s6 hé thong bao
gom sai s6 tin hiéu gbc (signalerror) va sai so tin hieu nhiéu (backgrounderror)

dén do nhay ctia géc bat phan 093 trong thi nghiem Hyper-K. Trong mo phéng
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GLoBES, mbi sai s6 tin hiéu gbc va tin hieéu nhidu déu duge xic dinh béi hai
thanh phan bao gom: sai s6 chuan héa va sai s6 hiéu chuan niang luong trong
do sai s6 hiéu chuan nang luong anh huéng rat it dén muc y nghia théng ke
cho kha ning loai cac goc bat phan sai ctia 023. Do d6, véi viéc khao sat anh
hudng clia cic sai s6 hé thong, chiing t6i chi khdo sat 4&nh hudng ciia cac sai s6
chuan héa trong tin hiéu goc va tin hieéu nhiéu dén do nhay ctia phép do. Xét
anh huéng clia cac sai s6 hé thong ctia tin hieu goc dén do nhay géc bat phan
623, ching toi xét sy bién thién ctia n6 tit 3% dén 7% (hinh |3.2] trai). Khéo
sat dnh hudng cta sai s6 tin hiéu nhiéu, ching toi xét gia tri bién thién cla
n6 tir 1% dén 20% (hinh (3.2 phai). Cac gia tri sau hi¢u chinh (post-smearing)
khong thay doi khi thay ddi céc sai s6 hé théng trén.

2 9 I B I I ] = 9 L A I I I ]
g SE —signalerror = 0.03 E g g — backgrounderror = 0.01 3
ooo 7 Eﬁ —signalerror = 0.05 E SD 7 Eﬁ — backgrounderror = 0.1 E
5 E —signalerror = 0.07 ] 5 E — backgrounderror = 0.2 ]
B E B E
&S S 3 S S B 3
Q £ 3 Q C 3
ERRG E ERG 3
2 - g — 2 3Ry mad e =
(5] c i (o] c i
2 2= E 2 2= E
E = E E = e
< E\ sl b b b Lo b i Ly \E < E\ v v b e b Lo L Ly \E
8.3 0.35 04 045 0.5 055 0.6 0.65 0.7 8.3 0.35 04 045 0.5 055 0.6 0.65 0.7
sin’0,, (True, NH) sin’0,, (True, NH)

Hinh 3.2: Anh huéng clia sai s6 he théng trong tin hicu gbc (trai) va tin hieu

nhiéu (phai) dén do nhay géc bat phan 63 trong thi nghiem Hyper-K.

Dua vao hinh ta thay, cac sai so6 hé thong trong cac tin hiéu goc va
tin hiéu nhiéu anh hudéng dén do nhay géc bat phan 6,3 trong thi nghiem
Hyper-K. Cu thé, khi céc sai s6 hé thong giam, do nhay goéc bat phan dugc
cai thién trong d6 tac dong ciia sai s6 tin hiéu nhiéu 1a nhé hon so véi anh
hudng clia sai s6 tin hieéu gdc. Trong thitc nghiém, sai s hé thong bat nguon
tir 3 yéu t6 bao gom sai s6 do hic¢u biét vé ngudn neutrino, sai s6 do mo hinh
mo phéng tuong tac neutrino véi vat chat va sai sé6 do may do thé hien & kha
nang phan biét cac tin hiéu gbc va tin hieu nhidu. Do dé dé cai thién cac sai

s6 hé thong nay hay cai thien géc bat phan 0,3 clia thi nghiem dong nghia véi
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viéc ta phai cai thién céic sai s6 do 3 yéu t6 trén gay ra. Thi nghiem Hyper-K
du dinh cai thién cac sai s6 d6 dén 3-5% vdi hy vong viéc cai thién cac sai s6
nay c6 thé gép phan vao viéc thuc hién cac phép do a3 va cac tham s6 dao

dong khac véi do chinh xéac cao hon.

3.1.1.2. Cai thién dé nhay cia géc bdt phdan 03 voi su két hop cia

cac tht nghiém

* Su két hop thi nghiem Hyper-K va thi nghiém 1o phdn 1ing hat nhan

Ma tran tron PMNS, nhu duge thao ludn 6 chuong 1, phu thudc vao cac
tham s6 dao dong bao gom (012, 613,023) va dcp. Viec xac dinh gia tri cha
cic tham s6 ndy mot cach chinh xac sé gitap ta do pha vi pham déi xiing CP
mot cach tot nhat. Day duge xem 13 mot trong nhitng muc dich chinh cia cac
thi nghiém neutrino. Cac thi nghiém 10 phan tng hat nhan véi duong co sé
ngin nhu Daya Bay, Double Chooz v RENO duge thiét ké dé do goéc tron
nhé nhat ;5. Cac thi nghiem nay c6 thé do doc lap sin? 26;3 mot cach chinh
xac ma khong bi 4nh hudng bdi gia tri dcp va su suy bién clia 03. Bén canh
d6 xac suat dao dong ciia phép do con phu thudc vio Am3; duge thé hien &
cong thic sau:

P(7, = ,) = 1 — sin® 2013 sin® As;. (3.2)

Thi nghiém Daya Bay gan day da xac nhan gia tri cho phép do sin® 26,5 la
0.0856 dat dén do chinh xac 3% va sé dudc cai thién véi cic thi nghiém trong
tuong lai. Trong tai ligu [27]| cho biét, thi nghiem 10 phén tng hat nhan Daya
Bay dat dugc do chinh xéc 3% cho sin® 26,5 = 0.0856 tuong tng véi thoi gian
chay may @Qtime = 300years. Stt dung thiét lap mo phéng GLoBES cho thi
nghiém 10 phan tng hat nhan véi duong co sd ngdn nhu trong tai lieu [27] ,
chiing t6i khao sat su bd trg ctia thi nghiem 1o phan tng hat nhan khi két hop
v6i thi nghiem Hyper-K déi v6i do nhay phép do cac tham s6 dao dong.
Hinh thé hien do nhay ctia phép do sin 613 — dcp (tréi) va sin? fg5 —
Am3, (phéi) v6i chi rieng thi nghiem Hyper-K va véi sy két hgp thi nghiem
Hyper-K va thi nghiém 10 phan tng hat nhan. Khao sat do nhay phép do
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sin? 015 — dcp v6i thi nghiem Hyper-K. Tai méi gia tri cia dcp, ta c6 mot
tap hop cac gia tri x¥? dugce tinh tuong ing véi mdi gia tri cia sin? 613 trong
khoang [0.0015,0.0035] v& tim gia tri x? nhé nhat trong tap hgp dé. Thuc
hién tuong tu nhu vay cho cac gia tri khac ctia dcp trong khodng [—m, 7.
Tap hop céc gia tri x2 nhoé nhat tao thanh viung gia tri cho phép ctia phép
do sin? 615 — S p. Vung gia tri cho phép cua sin® 03 — dcp & do tin cay 30
dugc thé hién trén hinh (tréi). Ta cing lam tuwong tu nhw vay cho phép do
sin? fo3 — Am3, (phai). Trong trudsng hop nay, moé phéong GLoBES sit dung tat
cA cac mau s6 lieu xuat hién va mau sb liéu bién méat ctia thi nghiem Hyper-K,

gid st sy phan bac khéi lugng 1 thuan.

= T T ™ 2
67 T T T T T T Iﬁ
F 3 sesE- 30CL, 5, ~-u2
5__ - - — Hyper-K
E E 26 E Hyper-K + reactor
— - | F
-g 4; E s ,/f—_\
= 1 5k /
=oaF 30CL 35, = w2 E 3 2sF S o
a b ] T OF
OOU 2:_ —— Hyper-K E qzas;
r —— Hyper-K + reactor 9 24—
l; E 235
- ] 3
0‘.J..-|‘-.|.HJ...J.,,|".|.HJ...J.,,|“X10 23 0:15 iIDSI.'JOISS" IOIE‘
16 18 20 22 24 26 28 30 32 3 : PR :

sin"0;

Hinh 3.3: Viing gi4 tri cho phép ctlia sin? @15 — dcp (trai) va sin® a3 — Am3,
(phai) ddi véi thi nghiem Hyper-K va sy két hop ctia thi nghiem Hyper-K va
thi nghiém 10 phén ting hat nhan (reactor) ¢ do tin cay 3o va tai gié tri that

cia dcp = —7/2.

V6i su két hgp gitta thi nghiem Hyper-K va thi nghiém 10 phan tng hat
nhan (hinh trai), vung gia tri cho phép ctia phép do tré nén hep hon theo
huéng cta sin® #;53 va do nhay ctia phép do sin® #;3 tang dang ké. Hinh
(phai) thé hién tiém nang vat 1y ctia sy két hop thi nghiém Hyper-K va thi
nghiém 10 phan ting hat nhan déi véi phép do sin” fa3 — Am32, xét tai do tin
cay 30 cho céc gia tri that sin? a3 = 0.5 va Am3, = 2.4 x 1073 eV2/ct. Su
rang buoc trén tham sb sin® 013 tit thi nghiém 10 phan tng hat nhan lam giam

tinh suy bién ctia 613 — dcp, dong thoi két hop v6i do nhay ctia thi nghiem 1o
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phan ng hat nhan déi v6i Am3;, do d6 gép phan cai thién do chinh x4c clia
phép do sin? 5. Nhu vay, st két hgp ctia thi nghiem Hyper-K va thi nghiem
lo phan tng hat nhan c6 kha nang cai thién do nhay cta phép do géc bat
phan 603 trong thi nghiéem Hyper-K.

* Sw két hop gitta thi nghiem Hyper-K va thi nghiém DUNE

DUNE (viét tat tit Deep Underground Neutrino Experiment) [40] 14 mot
thi nghiém qudc té tién tién hang dau cho cac nghién ciu vé neutrino va
nghién cttu phan ra proton duge xay dung bdi Phong thi nghiem May gia toc
Fermilab & Illinois, M§. DUNE bao gdm hai méy do, may do gan dé ghi lai cac
tuong tac clia neutrino ngay sau khi dude tao ra tai nguon, nam cach bia 574
m va may do xa sé dudc xay dung tai Phong thi nghiém nghién ctitu duéi long
dat Sanford (SURF) 6 Lead, phia Nam Dakota, cach nguon neutrino 1.300
km. Nhitng may do nay sé cho phép tim kiém cac hién tuong ha nguyén ti
mdéi va c6 kha nang nang cao hiéu biét ciia chiing ta vé neutrino va vai tro
clia chung trong Vii Tru. V6i hiéu suat phat hién tin hiéu cao tir 80 - 90% cho
cd v, va v, DUNE dy kién sé thu duge lugng dit lieu quan sét 16n bao gom
1.000 sv kién v, va 10.000 sy kién cho v, trong thoi gian hoat dong 7 nam.
Véi luong dit lieu khong 16 nay, DUNE dudc mong dgi c¢6 kha ning do dudc
pha vi pham ddi xting CP vé6i do chinh x4c cao. Trong 10 nam hoat dong,
DUNE c6 thé loai trit cac gia tri dcp tai 0,47 v6i kha ning loai trit cac gia
tri bao toan doi xting CP 1a 50%. Ngoai ra, DUNE c6 do nhay cao déi véi cac
tham sb sin® 013, 0cp,sin? O3 va kha ning xac dinh su phan bac khéi lugng
neutrino. Syt phan bac khéi lugng neutrino c6 thé dugce xac dinh hon 5o trong
thoi gian hoat dong 2 nam, cai thién do chinh xac phép do cac thong sé khi
quyén. Trong tuong lai, thi nghiem Hyper-K vi DUNE c6 thé kham phé dau
hiéu vi pham dbi xing CP véi do chinh xac cao va gidm céac sai sd ciia phép
do d¢cp. Hinh chi ra do nhay cua phép do sin? @13 — 6o p va sin? O3 — o p
v6i thi nghiem Hyper-K va sit két hop clia thi nghiéem Hyper-K va DUNE.
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sin“0, sin“0,,

Hinh 3.4: Ving gia tri cho phép cla sin® 613 — dcp (trai) va sin® A3 — dop
(phéai) véi thi nghiem Hyper-K va véi sy két hgp gitta thi nghiem Hyper-K va
DUNE & do tin cay 30 va tai gié tri that ctia dcp = —7/2.

Vé6i sit két hop ciia thi nghiem Hyper-K va DUNE, viing gia tri cho phép
ctia phép do sin? 615 — §op trd nén hep hon va do nhay phép do sin? 615 — dcp
tang. Dong thai thi nghiem DUNE c¢6 do nhay ddi v6i phép do sin? 623 (hinh
3.4 (phai). Do d6, su két hop clia thi nghiem Hyper-K va DUNE sé c6 tiém

nang 16n doéi véi kha ning do gia tri fa3 mot cach chinh xac.

6F " E O
5t ] 5 ]

o 4 3 g 4 3
S ] S ]
e 36 CL, 8y, =12 E Soae 36 C.L, 8, =12 E
6 E — Hyper-K 7 E‘) — Hyper-K ]
w 2= —— Hyper-K + reactor - w 2= —— Hyper-K + reactor -
1; —— Hyper-K + reactor + DUNE]| 1: —— Hyper-K + reactor + DUNE]|

OE‘ Lo o b b b b b v b b g Ly 00 | ‘Exl073 Ew e e b b b b b Ly \:

16 18 20 22 24 26 28 30 32 34 8.3 0.35 0.4 0.45 0,5 0.55 0.6 0.65 0.7
sin“0, sin9,,

Hinh 3.5: Vimng gia tri cho phép ctia sin? 63— p (trai) va sin? fo3—dcp (phai)
trong thi nghiem Hyper-K va sut két hop cia Hyper-K véi cac thi nghiem khac

xét ¢ do tin cay 30 va tai gia tri that cia dop = —7/2.

Ngoai ra, thi nghiém 10 phan tng hat nhan dat do nhay cao trong phép
do sin® 613 va Am3,, do d6 sy két hop clia cac thi nghiem bao gom Hyper-K,
thi nghiém 1o phan tng hat nhan vd DUNE mang lai do nhay cao déi véi phép
do sin® @13 — d¢p hinh [3.5 (trdi) va phép do b3 — 5 p hinh [3.5] (phai). Vi thé,
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su két hop cac thi nghiém trén dugec mong dgi sé lam tang kha nang pha vé
sy suy bién gitta cac tham s6 dao dong vad nhd d6 do cac tham s6 dao dong
d6é mot cach chinh xéac.

Hinh (phai) mo td do nhay ctia géc bat phan O3 véi thi nghiém
Hyper-K (dudng mau den) vd sy két hgp ctia thi nghiem Hyper-K véi thi
nghiém 1o phan tng hat nhan (duéng mau xanh) va DUNE (duténg mau cam).
Bang thé hien gia tri clia goc bat phan a3 cho thi nghiem Hyper-K va su

bo trg ciia cac thi nghiem.

— Hyper-K

— Hyper-K+reactor

— Hyper-K+reactor+DUNE

\ A x* to exclude 0,, wrong octant

:HH\HH\HH\HHHH\HH\HH\H‘T
3 035 04 045 0.5 055 06 0.65 0.7
sin2923 (True)

Hinh 3.6: Goc bat phan 6,3 trong thi nghiem Hyper-K (trai) va sy két hop
v6i céc thi nghiém (phai).

Bang 3.1: Goc bat phan fs3 xac dinh tai do tin cay 3o.

Thi nghiém | Hyper-K | Hyper-K + reactor | Hyper-K + reactor + DUNE

sin? B3 0.45 — 0.57 0.46 — 0.56 0.47 — 0.55

Duta vao hinh vé ta thiy, vi tri géc bat phan c6 thé duge xac dinh chinh
xac & muc do tin cay 30 véi cac gia tri that sin? fa5 > 0.55 hodc sin? 6,3 < 0.47
cho su két hop ctia thi nghiem Hyper-K, thi nghiém 10 phan tng hat nhan va
DUNE. Sy két hop ctia thi nghiém Hyper-K vdéi cac thi nghiém khac gép phan
cai thien do nhay goc bat phan ctia thi nghiem Hyper-K mot cach dang ké len
dén ~33% so véi viéc chi do bang thi nghiem Hyper-K. Day 14 mot dau hieu
tot cho kha nang do tham sb tron 6.3 v6i do chinh xac cao dya trén lugng dit

lieu ctia cac thi nghiém dao dong neutrino trong tuwong lai. Véi do nhay cta
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su két hop cac thi nghiém trong viéc gidi quyét tinh suy bién noi tai clia a3
trong cac mau so6 lieu bién méat, ching t6i hy vong véi sy nang cap clia cac thi
nghiém hién tai va tiém nang ctia cac thi nghiém dang chd doi trong tuong lai
sé mang dén mot lugng dit lieu khong 16 dé mang dén nhitng hiéu biét dang

tin cay trong phép do chinh xac gi tri cac tham s6 dao dong.

3.1.2. Déng gép ciia cac mau sb liéu dén do nhay géc bat phan 6o

Trong dao dong neutrino, xac suat dao dong la mot ham cac tham s6
P, gy = [ (012,013,023, 6cp; Am3,,Am3,; E,, L, p). D61 v6i mau s6 lieu
bién mat clia neutrino vi muon, xac suat dao dong xap xi ti le thuan vdi
sin® 2053, Am3,. Trong khi d6, xdc sudt xudt hién neutrino vi electron tir
neutrino vi muon khong chi ti 1&é thuan vdéi sin? A3 mi con phu thuoc vao 613
va dcp, Am3,. Do d6, viec giai quyét cdc moi quan hé suy bién cac tham s
dao dong trong mau s6 liéu xuat hién 1a cach cai thién do chinh xac ctia phép
do A53. Hay noéi cach khac, sy dong gép cua cac thi nghiém 1o phan tdng hat
nhan vA DUNE d6i v6i rang buoc tham sb 613, dop vA Am2; ¢6 tac dung chi
yéu trong cac mau s6 lieu xuat hien. Con ddi véi cAc mau sb lieu bién mat,

su doéng goép clia ching déi do nhay phép do sin® fe3 véi xac suat dao dong la

rat nho.
¢ o
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15 Appearance only + reactod] ]E —— Appearance only + DUNE
OE“H ol by b b b b e \\‘\Exlo_:; Ozw\www Lo b b b e b b by o by w\‘leo_:‘
16 18 20 22 24 26 28 30 32 34 16 18 20 22 24 26 28 30 32 34
sin“9, sin“9,,

Hinh 3.7: Sy déng gép clia cac mau sb lieu xuat hien déi véi viec pha vo sy
suy bién 013 — dcp. Hinh trai 1a sy két hop ctia thi nghiem Hyper-K vdéi thi
nghiém 10 phan tng hat nhan. Hinh phai 1& sy két hop thi nghiem Hyper-K
va DUNE. Xét 6 do tin cay 30 va tai gia tri that cua dop = —m/2
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Hinh khao sat syt dong goép clia cac mau sd lieu xuat hién trong thi
nghiem Hyper-K déi v6i do nhay trong phép do sin® 615 — dcp khi két hop
v6i thi nghiém 10 phan t#ng hat nhan va DUNE. Xét viéc sit dung thi nghiém
Hyper-K v6i 4 mau dit lieu mo phéng (Hyper-K) bao gom: v, — v, 7, —
Ve, Vy, — Vy, Uy, — Uy, v chi 2 mau s6 lieu xudt hién ctia thi nghiem Hyper-K
bao gom v, — v, 7, — V. (Appearance only) khi két hop véi cac thi nghiém
10 phan ng hat nhan va DUNE xét & do tin cay 30 va sy phan bac khdi lugng
thuan. Sy déng gdép ctia thi nghiém 10 phan tng hat nhan (hinh trai) va
DUNE (hinh phai) déi véi viec cai thien sy suy bién ciia sin? 63 — dop 1a
xap xi so véi sy déng gép ciia cac thi nghiem nay doi véi chi cdc mau sb lieu
xuat hién ctia thi nghiem Hyper-K. Nhu vay, viéc pha v sut suy bién 013 —dcp
tit cac thi nghiém dén tit sit déng gbp clia cic mau so lieu xuat hién. Diéu nay

la hoan toan phu hgp v6i dy doan ctia chiing toi.

E [Frrrrrrrrrrrrrr T T T T T H| E N rrrrrrrrrrrrT T T T T T T T T T i
g 121~ — Hyper-K — g 12 — Hyper-K + reactor -
Sn E — Appearance only SD L — Appearance only + reactor ]
= 10f , g 101 , 7
< F Disappearance only < F Disappearance only + reactor 1
| 5 gb A
S sk 4
S  6p S o =
= I 2 &= L T ]
g 4 g 4 E
8 [ L T T R ] i<} L[~ ""7° ST I ]
< :HH\HH\HHMH i \\\\\\‘\\\\‘\\\\: d :HH\HH\HHMH | \\\\\\‘\\\\‘\\\\:
8,3 035 04 045 05 055 0.6 0.65 0.7 8.3 035 04 045 05 0.55 0.6 0.65 0.7
sin2623 (True) sin2923 (True)
(a) (b)
= S L B B BN BN DR = = 16f L B B B ]
g 12 — Hyper-K + DUNE 7 g 14; — Hyper-K + exps e
OOD 1057 — Appearance only + DUNE 7: SD F — Appearance only + exps ]
§ L Disappearance only + DUNE ] § 12 E Disappearance only + exps E
S r A S r =
. 8F ] - 10F .
D r ~q D £ ]
g o . $ E
o = - o 4 e
. oF ‘ \ ] o el = i) = el ]
E E j in ] E 2 . =
< Lol b b T b b b w < :HH\HH\HH\Hjm‘umuH\HH\HH:
8.3 035 04 045 0.5 055 0.6 0.65 0.7 8.3 035 04 045 0.5 055 0.6 0.65 0.7
sin“6,, (True) sin“6,, (True)
(c) (d)

Hinh 3.8: Sy déng gép clia cac mau so6 lieu dén phép do géc bat phan Gas.
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Hinh mo ta sy dong gép clia cac mau so lieu dén phép do goc bat
phan 23 tai do tin cay 30 véi Hyper-K (cho 4 mau: v, — ve, U, — Ve, vy —
vy, U, — U, Appearance only (cho 2 mau: v, — v., 7, — 7.), Disappearance
only (cho 2 méu: v, — v,,7, — ,), v exps ( bao gom reactor va DUNE).
Ta thay do nhay géc bat phan trong thi nghiem Hyper-K khi két hgp véi thi
nghiém 160 phan tng hat nhan va DUNE dugc cai thién va sy cai thién nay
dén tit sy dong gbép ciia cac mau so licu xuat hién trong dé cidc mau s6 lieu

bién mat déng gop khong dang ké.

3.1.3. Dai lugng vat ly dac trung cho d6 nhay goéc bat phan 6,3

T moi quan hé clia cac trang thai rieng khoi luong va trang thai vi rieng
trong phuong trinh ta c6 thanh phan ma tran tron U u3 va Urs biéu thi
thanh phan ctia neutrino vi muon va neutrino vi tau tuong tng trong trang

thai rieng khéi lugng v theo biéu thitc:
vz = Ulve + U sy, + Ulsv, (3.3)
va ta thu ducc
\Uua|? — |Urs|? = (835 — c33)cls = — cos 203 cos® 013 (3.4)

Véi phuong trinh ta nhan thay |U,s|> — |U,3|* phu thuoc vao su suy bién

noi tai ctia #o3 va do chinh xac gia tri #13. Cu the,

Uusl? — |Urs)? ti le thuan
v6i cos 20,3, do d6 dai luong nay cé thé dung dé dic trung cho do nhay cia
géc bat phan 653 trong thi nghiém. Trong thuc nghiém, cac phép do khong
thé thu dudgc truc tiép gia tri clia cac tham s6 dao dong méa thong qua viec
do xac suat. Do d6 dé danh gia dai lugng nay, ching toi dua né vé ham phu
thuoc xac suat dao dong.

Ap dung cong thic xAp xi cho xac suit xudt hien neutrino vi tau ti
neutrino vi muon va xac suat bién mat ctia neutrino vi muon tit neutrino vi
muon ti tai lieu [49], ta viét lai:

Am?, L
P(v, — vy) = 4U,3U,3|? sin? (%) , (3.5)
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. o (Am3 L o (AmZ L
P(vy = vy) =1 = 4|Us|* sin® (4—21) + 4{Us[*|Uyal” sin® (—421 ) :
(3.6)

Lay hieu cong thrc (3.5 va ta co:

Py, = v,)—Pv, = v;) = 1—4\UM3|2 sin? A31+4|UM3|2 sin® Ag; (\UN3|2 — \U73|2)
(3.7)

Suy ra:

Py, —v,)— P, —v)—1

U 2 U 2:
| M3| | T3| 4|UM3‘2SiD2A31

+1 (3.8)

Am32, L
4FE -

trong d6 As; =

Tit biéu thitc xdc suat bién mat P(v, — v,) trong cong thiic 3.6} ta viét lai

nhu sau:

P(v, = v,) =1 —4|U,3|? sin® Az; + 4|U,3]*|U,3|? sin® Azy. (3.9)

Dua [3.9) vé dang phuong trinh bac hai véi an X = 4|U,3]*:

1
1 sin? Ag; X? —sin? A3y X +1— P(v, = v,) =0, (3.10)

Giai phuong trinh bac hai m
1
A= (—sin?Agy)° — 4.7 sin” Agr (1= Py, = 1)) (3.11)
= sin Az, —sin® Az (1 — P(v, — v,))

ta thu dugc nghiém:

sin® Agy + \/sin4 Aszq — sin® Ag; (1—-P(v, =)

X = 3.12
%sinZ A31 ( )

1-P —

2i2\/1— W 2 V),
sin“ Asq
Vi vay,
2 o Py —vy) — Py —vr)—1

\Upus|* — |Urs|” = +1 (3.13)

4|UM3|2 Sil’l2 Agl
P(v, —v,)— P, —v;)—1

+1.
<2j:2\/1 1- gygw>) sin Agy
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Xét tai dao dong cuc dai ciia Az; = 7/2, ta co:

Py, —v,)— P, —v;)—1

Usl? —|U.5|% = + 1. 3.14
Uhal” = Urs] 2+2,/P(v, — v,) (3.14)

Ta c6 mbi quan hé clia tong cac xac suat:
P(v, = ve)+ Py, —»v,)+Plv, - v)=1 (3.15)

Két hop cong thiic va ta suy ra hai nghiém tuong ting:

2P P ) —2
|UH3|2 _ |U7-3|2 — (Vﬂ — V,u) + (Vﬂ — UV, ) + 1 (316)
2-2P(v, = v,)

2P — P — V) — 2
Uyl — (U2 = 20 2 0+ Pl 2 ve) =2 (3.17)

2+2/P(v, = v,)

Hinhm6 ta do nhay clia géc bat phan 0s3 (O Ry, ) trong thi nghiém Hyper-

K nhuv moét ham céc gia tri that cua sin® A3 vdi hai dai lugng giai tich tuong
ting dugce xac dinh trong phuong trinh (hinh trai) va phuong trinh

(hinh [3.9] phai)

Mass hierarchy is normal Mass hierarchy is normal
0.4 0.8

0.7

E ° o 2P
+1 £ U F-U_ =
2-2\P(v,v,) 0.6 n3 3

U - (U= 2P0V + Plyov) -2 2P, V) + Pv,ve) - 2
3 3

2+ 2\P(v,-v,)

+1

05—

Octant resolving of 6,,
Octant resolving of 6,,

TN T[T T[T T[T TTTT 7T

e e L L L B e e e L
0.35 0.4 0.45 0,5 0.55 0.6 0.65 0.7 8.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
sin‘6,, Sin6,,

Hinh 3.9: Khao sat dai lugng diac trung cho do nhay cia géc bat phan 63
trong thi nghiém Hyper-K v6i sy phan bac khéi lugng thuan.

So sanh hinh véi mitc ¥ nghia thong ké cho kha nang loai di goc bat
phan 6,3 sai ctia thi nghiém Hyper-K trong hinh ta thay dai lugng giai
tich dugc xac dinh trong phuong trinh 14 mo ta phut hop véi két qua mo
phéng tit GLoBES. Do dé, dé thuan tién cho viéc khao sat dai lugng ORy,,

va so sanh v6i két qua thu duge tit moé phéng GLoBES, dai lugng dic trung
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cho do nhay ctia gbc bat phan 653 trong thi nghiém duge chon la:
2P(v, = v,) + Py, — ve) — 2
2+2/P(v, = v,)

C6 thé thiy riing, ORy,, khong dat gia tri cuc tiéu tai sin® a3 = 0.5.

ORp,, = |Uus* — |Urs)® = +1. (3.18)

Nguyén nhan la vi tai nang lugng neutrino £ = 0.6 GeV va gia tri that
sin? fo3 = 0.5, x4c suat bién mét khong dat gia tri cyc tiéu (hinh trai).
Do d6, do nhay goc bat phan ctia fs3 chi dat cuc tiéu tai vi tri ning luong
E vi gid tri that sin? 653 ma & d6 xac sudt neutrino vi muon bién méat 1a cuc

tieu (xac sudt xuat hién neutrino vi electron 13 ciic dai) xem hinh phai.

Survival probability P(v, - v,) Octant resolving of 8,

. hdcpyssinsqth23_muzmu
o Entries 10000 o
k= Mean x 0.628 s

Meany  0.4968 |g :
RMS x 0.0661
RMSy 0.02991 7

Umu3_Utau3
Entries 10000
Meanx  0.6116

Meany  0.4984

RMS x  0.06348

RMSy 0.02953 s
2

0'43.5 052 054 056 058 06 062 064 066 068 07
Energy (GeV)

0'48.5 052 054 056 058 0.6 062 064 066 068 0.7
Energy (GeV)

Hinh 3.10: Khéo sat xac suat bién mat (trai) va ORg,, (phai) nhu mot ham

ctia nang lugng neutrino E (GeV) va gia tri that sin® fy3 trong d6 L = 295km.

Trong tuong lai, thi nghiém Hyper-K dui kién sé tién hanh xay dyng mot
may do khéac tai Han Qubc tai khodng cach 1000km tit nguon J-PARC, do d6
ching to6i ciing khao sat ORy,, trong thi nghiém Hyper-K tai duong cd sé L
= 1000km dé danh gia do nhay clia géc bat phan 63 trong thi nghiem véi
may do nay. Dé so sanh kha nang do goc bat phan #s3 tai L = 295 km va L
= 1000 km, ching toi thay d6i khéi lugng méy do tai L = 1000 km thong qua
thong s6 Qtarget mass = 187 x (%)2 dé luong neutrino nhan dudc tai 2
duong co s 1a nhu nhau. Dong thoi thiét 1ap cidc thanh phan sau hiéu chinh
tuong ting véi st thay doi clia thong s6 Qtarget mass trong tép AEDL. Khi
do6, ORy,, duge xac dinh nhu trong phuong trinh dua trén xac suat xuat
hién va xac suat bién mat tinh tit mo phong GLoBES tuong ting dudng co sé

L = 295 km (duong mau den) va L = 1000 km (dudng mau xanh) (hinh|[3.11)).
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Mass hierarchy is normal Mass hierarchy is normal
e 1 20.6
o <
B 09F 2P(v, - P(v,v,) -2 ° 2P(v,- Pv,v,) -2
277k U F-1Uf- (v; Vuz) +P Vv -2 E s U, f- 10, (v; V..z) +P v -2
§ 085 +2|P(v,v,) § St +2|P(v,v,)
g 07 E —— Hyper-K with L = 295km g b —— Hyper-K with L = 295km
.‘_.5; : E —— Hyper-K with L = 1000km § 0.4 . —— Hyper-K with L = 1000km
O 0.6 o L
0.5 03f-
0.4 E
E 02—
0.3 &
02 F
E 0-1f
0.1 £
E.. | | L | | [N R L. | I | L | | |
B.S 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 8.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
sin6,, Sin6,,

Hinh 3.11: Khéo sat dai lugng O Ry,, trong thi nghiem Hyper-K tai L = 295km
va L = 1000km (hinh trai). Trong hinh phai, dudng biéu dién tai L = 1000
km dugc dua vé cling cuc tieu véi L = 295km dé so sanh do nhay ctia goc bat

phan véi hai duong co sé khac nhau.

Khi d6, do nhay ctia géc bat phan duge xac dinh bdi do bién thién clia
ORy,, so v6i cie tieu nhu trong hinh (phai). RO rang v6i dudng co s6 L
= 1000 km, do bién thién ctia dai lugng ORy,, so vé6i cuc tiéu bé hon trong
truong hop L = 295 km. Theo dy doan ban dau, thi nghiém Hyper-K véi
dudng co sé L =1000 km c6 do nhay goéc bat phan o3 thap hon so v6i dudng
co s6 L = 295 km. Xét sy phan bac khdi lugng 13 thuan, qua viéc so sanh véi
mtic ¥ nghia théng ké cho phép do dé loai trit cac géc bat phan sai ctia thi

nghiém Hyper-K, (hinh , ta thiay két qua phit hop véi du doan.

T
— Hyper-K with L = 295km

— Hyper-K with L = 1000km

A %* to exclude 6,, wrong octant

:HH\HH\HH\HH HH\HH\HH\HH:
837035 04 045 0.5 055 06 065 0.7
sin’0,, (True, NH)

Hinh 3.12: Goc bat phan 63 trong thi nghiém Hyper-K v6i cac may do tai
duong co sé¢ L = 295km va L = 1000km.
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Ngoai ra, ching t6i cling thuc hién viéc kiém tra anh hudéng ctia sit phan

bac khéi Iuong ddi véi do nhay géc bat phan 6,3 trong thi nghiem Hyper-K

tai duong co sé L = 295km va L = 1000km véi cac gia tri khac nhau ctia dcp

0.8

0.7

0.6

0.5

0.4

0.3

Oclant resolving of 8,

0.2

L = 295km, 8, = 1/2

— Mass hierarchy is inverted

— Mass hierarchy is normal

I B I B
L = 295km, &, = /2

(]

nw"w'u

— Mass hierarchy is inverted

,_.
=]

— Mass hierarchy is normal f

"

A~ to exclude 8,, wrong octant
oo
I ERas
i ]

2

08

0.35

0.4

1 : 1 1 1 b 1 1 1

LR T 837035 04 045 05 055 0.6 065 0.7
.2

sin"8,, (True)

0.7]

0.6

0.5

T T T TTTT

0.4

0.3

Octant resolving of 6,

0.2

0.

L = 295km, §;, = 0

— Mass hierarchy is inverted

— Mass hierarchy is normal

Q[TTTT [T [TITT T7TT

0.8

035

0.4

(a) dcp =m/2
= C T T T T T T ]
g 12f L = 295km, 85, =0 ]
?D 101 — Mass hierarchy is inverted _E
E e — Mass hierarchy is normal [ ]
2 8__-|- -
T & H& L
%:; 4:'"""'" '_' """""""" _‘IJt """""
E
I I < _lll—lT_'—lll_
06 085 07 33 035 04 045 05 055 0.6 0.65 0.7

sinz(:'i23 (True)

G
N—
(%)
Q
|
|
e}

0.7

0.

@

0.5

04f

0.3

Octant resolving of 0,

0.

)

=)

L = 295km, §, = -n/2

—Mass hierarchy is inverted

— Mass hierarchy is normal

T T T T T T T
12 L = 295km, §p = -T/2
— Mass hierarchy is inverted

— Mass hierarchy is normal

] A o NI

A %” to exclude 6,, wrong octant

ST T[T

==

F,i112913 (True)

(c) bop = —m/2

Hinh 3.13: Anh huéng clia sy phan bac khéi lugng neutrino dén do nhay goc

bat phan 6,3 trong thi nghiém Hyper-K tai L = 295km va céac gia tri that

khac nhau ctia dcp. Hinh trai khao sat dai lugng ORy,, 1la mot ham cac gia

tri that clia sin? 63. Hinh phai 13 muc § nghia théng ké cho phép do dé loai

cac goc bat phan sai dung mo phong GLoBES.
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Hinh 3.14: Anh hudng ciia st phan bac khéi luong neutrino dén do nhay goc
bat phan 6,3 trong thi nghiém Hyper-K tai L =1000km va cac gia tri that
khac nhau ctia dcp. Cac hinh trai khao sat dai lugng ORy,, la mot ham cta
gia tri that sin? f,3. Hinh phai 14 mic § nghia théng ke cho phép do dé loai
cac goc bat phan sai dung mo phong GLoBES.

Véi dudng co s6 L = 295km (hinh|[3.13), cac két qua cho thiy sy phit hop
gitta dai lugng gidi tich ORy,, v6i do nhay thu dugc tit mé phéng GLoBES
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trong dé sy phan bac khéi luong déng gép khong dang ké vao do chinh xéc
ctia phép do 3. Nguyén nhan cht yéu dén tit sy dnh hudng clia tuong tac
gitta neutrino véi vat chat dén xac suat dao dong clia neutrino. Tai dudng co
s6 ngan (L = 295km), hi¢u tng vat chit gép phan khong dang ké vao xac
suat dao dong. Khi d6, thi nghiém c6 do nhay thap cho kha nang xac dinh sy
phan bac khéi lugng. Do dé, sy phan bac khéi lugng déng gop khong dang ke
vao do nhay clia géc bat phan 0,3 trong thi nghiém. Tuy nhién, déi véi duong
cd 56 dai L = 1000km, anh huéng ciia sit phan bac khéi lugng dén xac suit
dao dong la dang ké va sy mo ta cta dai lugng ORy,, phu thudc vao gia tri
clia dop. Cu thé, v6i dop = /2, dai lugng ORy,, mo t4 do nhay clia géc bat
phan 6,3 trong hai truong hgp phan bac khéi lwgng 13 phit hop véi két qua
dua ra tit mod phong GLoBES (hinh ) Véi dcp = 0,—7/2, cac két qua
thu duge chua thiyc sy phan anh ding do nhay véi phép do 0a3 so vdi két qua
thu dugc tit moé phéng GLoBES (hinh [3.14b,c). Do d6, dé khao sat chinh xac
anh huéng ctia sy phan bac khéi lugng neutrino dén do nhay géc bat phan
trong cac thi nghiém duong co s6 dai (L = 1000km v6i thi nghiéem Hyper-K
hodc L. = 1300km véi thi nghiem DUNE,...), viéc xay dyng mot cong thic
tong quat nhat mo ta su dong gép ctia dcp va sut phan bac khéi lugng dén
cong thitc xac suat dao dong la can thiét. Dai lugng O Ry,, ma ching t6i xay
dung & day mo ta tot do nhay ctia goc bat phan fs3 trong thi nghiem dao
dong neutrino véi cac duong co sé khac nhau xét trong truosng hgp phan bac
khéi lugng binh thuong va xét cho dao dong trong chan khong.

Ngoai ra, chiing t6i cling tinh todn do nhay goc bat phan 6,3 doi véi thi
nghiem T2K, 1a mot trong nhitng thi nghiém c6 do nhay cao nhat vé goc tron
lepton 653 & thoi diém hién tai. Trong tai liéu [50], thi nghiem T2K da cap
nhat cac dit lieu mdéi nhat trong cic phép do cho dao dong cliia neutrino va
phan neutrino st dung ca cdc mau so6 lieu xuat hién va cac mau sb lieu bién
méat. V6i 14.9 x 102° POT cho v-mode va 16.4 x 102° POT cho #-mode, T2K
c6 kha ning loai gia tri bdo toan CP tai do tin cay 20. V6i su két hop véi thi
nghiém T2K va thi nghiém 1o phan ting hat nhan trong dé xét sy phan bac

khéi lugng 1a thuan, cac gia tri cia cac thong s6 khi quyén duge dua ra nhu
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sau: sin? fo3 = 0.537003 va Am3, = (2.45 £ 0.07) x 1073eV2/c. Véi dit lieu
mo6 phong MC hién tai cho biét, dit lieu thuc kha gan véi dit lieu trong mo
phéng MC cho v-mode. Thong qua d6, xic suat sé dude tinh thong qua s6
cac su kién dugc tao ra tai may do xa.

ORy,, phu thudc vao cdc ham xac suat xuat hién va xac sudt bién mat
ti nguon v,,. Do do, dé danh gia do nhay géc bat phan #s3 v6i dit lieu ctia thi
nghiem T2K, ching t6i dua vio pho ti lé sy kién ciia Yy Va Ve dé tinh toan céc
xac suat dao dong P(v, — v,) vd P(v, — v.). Theo dit lieu ctia thi nghiem
T2K, cac gia tri phtt hgp nhat cho cac tham sb dao dong duge tém tat trong
bang|[3.2] Dbi v6i cac mau sb ligu bién mat (xét cho ci v-mode va 7-mode), s
lugng cac sy kien duge lay tai 3 bin niang lugng tuong ing véi cac nang luong
gan 0.6GeV (bao gom 0.55GeV, 0.65GeV va 0.75GeV). Khi do6, s6 su kién tng
v6i moi bin nang lugng trong dit lieu thyc va dit lieu mo phéng MC tuong ting
duge t6m tat trong bang

Bang 3.2: Céc gia tri phlt hgp t6t nhat cho cac tham sé dao dong ctia T2K [50].

Tham sb Gia tri phu hgp nhat, véi Am3, > 0
sin? 015 0.304
sin? 015/1073 26.8172
sin? 63 0.51270-5%5
Sop -2.1415-29
Am3, 7.53 x 107%eV?/c?
Am3, 2.461057 x 107 3eV2 )t

Véi s6 sy kién, sai s6 dude tinh bang cian bac hai clia s6 sy kien. Khi do,
s6 su kién tng véi nang lugng 0.6GeV sé duge tinh bang gia tri trung binh
clia cac sy kién tai 3 bin ning luong quanh gia tri 0.6GeV va sai s6 ciing dugc
tinh tuong tng. Véi cac mau s6 lieu xuat hien (xét cho ca v-mode va v-mode),
s6 sut kien tir dit lieu mo phéong MC va dit lieu thuc duge xét cho phd ning

lugng tir 0.2-1.2GeV dugce 1ay tit bang V ctia tai lieu [50].
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Béang 3.3: S6 sy kién tit dit lieu mo phéng MC va dit lieu thuc cia T2K [50].

Mau Dit lieu | Nang luong S6 su kién Sé su kién
(GeV) tal E = 0.6GeV
v, = v, | Thuc | 0.550741 | 12.9522 £+/12.9522
0.649943 | 14.0023 4++/14.0023 | 14.287842.18907
0.749145 | 15.92774++/15.9277
v, — v, | MC 0.550741 | 15.1109 £+/15.1109
0.649943 | 11.9020 ++/11.9020 | 13.8692+2.15657
0.749145 | 14.64414+/14.6441
v, = ve | Thuc 0.6 75475 75475
MC 0.6 721747217 721747217
v, = v, | Thuc | 0.552430 | 4.92489++/4.92489
0.652174 | 7.01257++/7.01257 | 5.6307241.37422
0.751918 4.964631/4.96463
v, — v, | MC 0.552430 | 4.813124+/4.81312
0.652174 | 3.95743+/3.95743 | 4.9825741.29091
0.751918 6.156881/6.15688
v, — e | Thuc 0.6 15+/15 15+v/15
MC 0.6 16.26++/16.26 16.26++/16.26

Khi d6 xac suat xuat hién va xac suat bién mat (cho v-mode va v-mode)
tng v6i dit lieu thuc ctia T2K tai diem nang lugng dinh 0.6GeV va duong co
s6 295km dudge tinh nhu sau:

S6 su kién cta dit lieu thuc
S6 su kien ctia MC

P(v, = ve)T2K = (v — Ve) (3.19)
S6 su kién cta dit lieu thuc

S6 su kién ctiia MC

P(v, = v,)T2K = (v = vy) (3.20)

trong d6 cac xac suat P(v, — v,) va P(v, — v.) dugc tinh tt mo phong
GLoBES véi gi4 tri cho cac thong s6 dao dong dau vao 1a cac gia tri phit hop

tot nhat cia T2K nhu trong bang |3.2| (tuong tur cho xac suat cho v-mode).
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Dong thoi sai sd clia xac suat duge tinh ti sai s6 cta sy kien. Khi do6, dai
lugng diac trung cho do nhay ctia géc bat phan ORy,, v6i di lieu T2K duge
udc tinh dya vao cong thic m

T2K with L = 295km, E = 0.6 GeV T2K with L = 295km, E = 0.6 GeV
0.7 Q 0.7

[oX

o

2P(v,v,) + P(v,v,) -2
S el T E,
2+2 \ (PW,v,)

— Simulated data

06— 2P(V,V,) + P(V,V,) - 2+1

2+2\(PE,v,)

o 2 1y e
1U,,f-1U,P= 1U,,f- 10, P=

0.5

Octant resolving of 6,,
Octant resolving of 8,

05—

— Simulated data
—=— T2K data

i
04 T2K data

0..

w

0.

N

0.

-

[==)
W[TTTT

Hinh 3.15: ORyp,, v6i di lieu ctia T2K nhu mot ham cac gia tri that cta

sin? g3 véi L = 295km va E = 0.6GeV trong v-mode (trai) va v-mode (phai).

Hinh biéu dién dai luong ORy,, cho thi nghiém cta T2K nhu mot
ham cac gia tri that sin? A3 vA wde tinh dai lugng nay tu dit lieu cta T2K
tai gia tri phit hgp t6t nhat clia sin® a3 = 0.512 £ 0.0435. Khi d6 ching toi
tinh dudc gia tri cia ORp,, = 0.110731 + 0.0102103 cho v-mode va ORy,, =
0.0981644 +0.0186846 cho v-mode. Két qua cho thay vé6i gia tri phtt hgp nhat
thu dugc tir thi nghiém T2K trong phép do sin? 23, gid tri that sin? fy3 gan véi
gia tri cuc dai sin® Ao = 0.5 va ¢6 xu hudng ndm & vi tri ving sin® fa3 > 0.5.
V6i sai s6 hien tai cho phép do thi ta khong thé két luan dugc néu a3 1a cuc
dai hay thudc viing bat phan cu thé ndo. Cac thi nghiem dao dong neutrino
trong tuong lai c6 thé cung cap nhiéu dit lieu hon dé han ché céc sai s6 ciia

phép do va xac dinh duge chinh xéc vi tri v gia tri cia sin® fos.
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3.2. ANH HUGNG DO NHAY GOC TRON 6,; DEN DO NHAY
PHEP DO VI PHAM DOI XUNG CP TRONG DAO DONG
NEUTRINO

3.2.1. Do nhay trong phép do vi pham dbi xiing CP

Gié stt sy phan bac khéi lugng 13 thuan (MH 13 NH), mo6 phéng st dung
5% cho sai s6 chuan héa tin hiéu gbc, 10% cho tin hiéu nhiéu va st dung tat
c& cac mau so6 lieu xuat hién va bién mat trong thiét 1ap mo phéng thi nghiém
Hyper-K. Cac gia tri that (True) va cac gia tri kiém tra (Test) clia dop dudc
xét trong khoadng [—m, ] v& céc gia tri kiém tra (Test) ciia sin® fy3 duge xét
trong khoang [0.3,0.7]. Tai mdi gié tri that ciia dcp, thuc hién vong lap trén
tat cd cac gia tri kiém tra clia dcp vA tai mdi gia tri kiem tra ctia dop trén
vong lap, gia tri x? dude tinh tuong tng véi tap hgp céc gia tri kiem tra ciia
sin? B3 trong pham vi [0.3,0.7]. Gia tri x? nhé nhat tng véi mdi gia tri dcp
(True) dugc tao thanh. Tap hop tat ci cac gia tri x? nho nhat tao thanh gia
tri x2 cuc bo (global). Phan bd x? trong mit phang 3D cho sin? o3 (Test) -
dcp (Test) ting v6i gia tri that ctia dop (True) duge thé hién trén hinh
Phan b6 gia tri 2 tai mdi gia tri that ctia dop (True) dude tao thanh nhu 1a
ham clia cac gia tri kiém tra dcp (Test) duge thé hién trong hinh Xét hai
truong hop: vi tri géc bat phan 1a khong duge biét (trai) va duge biét (phai).
Véi géc bat phan 1a duge biét, diéu nay c6 nghia & vi tri géc bat phan 6a3
duge xac dinh chinh x4c (cac gia tri kiém tra cla sin? foy = [0.3,0.5] cho cac
gid tri 23 ndm trong ving géc bat phan nhé hon 7/4 va ndm trong ving goc
bat phan 16n hon 7/4 cho sin® a3 = [0.5,0.7]). Néu goc bat phan la khong
dugce biét, ta xét gia tri kiém tra clia sin® fag bat ky thay déi trong pham vi
0.3,0.7].

V6i su két hop gitta cdc thi nghiem hinh tai gid tri that sin? fgy =
0.48, néu goéc bat phan 1 khong duge biét chinh x4c (hinh trai), ta co
phan bd x? véi 2 mat sieu phing tucng tng véi 2 nghiem suy bién cta sin? fa3

va véi sin” fa3 duge biét chinh xac ndm trong khoang [0.3,0.5] khi d6 ta chi
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c6 1 mat phing tai gia tri that sin® fog cho gia tri x¥? nhé nhit. Hinh cho
phan b6 x? trong mat phang 2 chiéu ctia dop (True) va dop (Test) véi hai
trudng hop géc bat phan 1a khong duge biét (hinh trai) va goc bat phan
1a dugc biét chinh xac (hinh phai), ta thay cac két qué c6 sy sai khac &
ving gia tri that dcp = [—7/2,0] tuy nhién sy sai khac khong ddng ké. Quan
sat nay 1a pht hgp vé6i két qua duge rit ra tit hinh

Hinh 3.16: Phan bd x2 3D cho sin® a3 (Test) - dcp (Test) ting v6i gia tri that
clia dcp (True) trong trudng hop vi tri géc bat phan 1a khong duge biét (trai)

va dugc biét fy3 < 7/4 véi gia tri that duge biét clia sin? fp3 = 0.48 (phai).

Ocp (True)
Ocp (True)

Ocp (Test) Ocp (Test)

Hinh 3.17: Phan bd x? tuong ting véi cac cap gia tri dcp (Test) va dop (True)
nhu mot ham cla céc gia tri kiém tra 5o p(Test) trong truong hop vi trf géc
bat phan clia 623 1a khong duge biét (trai) va dugce biét 03 < 7/4 véi gia tri
that dugc biét ciia sin® fo3 = 0.48 (phai).

V6i mbi gia tri that ctia ¢ p, gia tri Ax? dé loai dcp = 0 va dop = +180°
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dugce tinh bang cong thiic:

AX%PV = |X?nin(Sin dcp = 0) - X?nin‘ (3.21)

Dai lugng nay dac trung cho mic ¥ nghia thong ké cho phép do kha ning loai
bo cac gia tri bdo toan ctia dop (sindcp = 0) va duge xem la dai lugng mo
ta do nhay trong phép do pha phéa v ddi xing dcp (hinh .

Hinh chi ra do nhay cta thi nghiém Hyper-K trong phép do pha
pha vd d6i xing dcp véi hai trudong hop: géc bat phan 1a duge biét (duong
mau xanh) va géc bat phan 1a khong duge biét (duong mau cam) xét tai
sin? a3 = 0.48, gia st sy phan bac khéi luong 1a thuan. Ching ta thiy ring,
viéc biét chinh xéac vi tri géc bat phan ctia 23 (6 day 14 géc bat phan & viing
nhé hon 7/4) lam tang do nhay clia phép do dcp tai gia tri that dcp = —75.
Khi géc bat phan dude cai thien béi sy két hop cic thi nghiem duong co sé
dai: Hyper-K va DUNE véi thi nghiém 16 phan tng hat nhan, do nhay cua
phép do vi pham ddi xting CP dugc cai thien mot cach ro rét (hinh phai).
Nhu vay do nhay géc bat phan 6,3 Anh hudng dén viéc cai thien do nhay phép
do pha vi pham déi xting CP.

=
o

8; sin’g,, = 0.48 E sin’d,, = 0.48
<|:|) 7f —— Octant is unknown (|:|) 9? —— Octant is unknown
5 6:* —— Octant is known & 8:7 — Octant is known,
i g7
B gf B
S S e ] S o 6
Ei S f
S e E
N e e L 34
T o L N e e
g) r g, 2F
o 1 D 1=
0:\””\””\””HH\HH\HH\ OE\HH\HH\HHHH\HH\HH\
-3 -2 - 2 3 -3 -2 - 2 3
%CP [radgj (True)'L %Cp [Faﬂc-)] (True)l

Hinh 3.18: Do nhay phép do vi pham déi xting CP véi thi nghiem Hyper-K
(trai) va su két hop ciia thi nghiem Hyper-K véi thi nghiem Reactor va DUNE
(phai) xét tai gia tri that sin®fys = 0.48 vA xét cho 2 truong hop: goc bat

phan dudgc biét va khong dugce biét.

Xét hai gid tri that clia sin? o3 nim trong viing cé géc bat phan nhé hon

7/4 (sin® fa3 = 0.49) va trong ving c6 goc bat phan 16n hon 7/4 (sin? Gz =
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0.51), kha nang cai thien do nhay phép do vi pham dé6i xting CP trong hai
truong hop (goc bat phan duge biét va khong duge biét) duge thé hien ro
rang hon cho cac gia tri that clia 0,3 nam trong ving c¢6 géc bat phan nhd
hon 7/4. V6i truong hgp géc bat phan la duge biét chinh xac va cac gia tri
that sin® fy3 1a trong viung goéc bat phan nh6 hon 7/4, do nhay phép do dcp
cang tot khi cang xa cuc dai dao dong sin® 03 = 0.5 (hinh

=
o

=
o

g sin’6,, = 0.49 g sin“8,, = 0.51

<|:|’ 9; — Octant is unknown (|:|) 9; —— Octant is unknown

585 —— Octant is known 5 8E —— Octant is known

Q £ o] E

€ Tk <€ Tk

g 6 S 6

S F S F

i e e L R e

& 4 3 4

T S R B TR R R T

§2 £ 2r

P 1 D 1=
0:\3””\2””\””““\““\2““:\3 0:\3””\2””\””HH\HH\ZHH\S

%CP [rad(.)J (True)'L %CP [radc.)] (True)'L

Hinh 3.19: Do nhay ctia phép do vi pham déi xtng CP khi gia tri that sin® 03
ndm trong hai géc bat phan khac nhau. Hinh trai cho gia tri that sin® 63 =

0.49. Hinh phai cho gia tri that sin® fa5 = 0.51.

10; Octant is known
o 9 —sin’8,, = 0.47
T 7sin2923=0.48
e 7; —sin“0,; = 0.49
< e
‘D E
o 6F
8
3 By
& 4
o £
é 3? ””””””””””””””””””””
S 2
(%) 15
OELL [

-3 2 _%CP [rac{)] (True)‘L 2 3

Hinh 3.20: Do nhay phép do vi pham ddi xing CP tai cac gia tri that khac
nhau clia sin® fs3 va xét trong trudng hop la géc bat phan duge biét ndm

trong ving nhé hon /4.

3.2.2. Pai luong mé ta dé nhay ctia phép do vi pham déi xiing CP

Dai lugng dac trung cho mic ¥ nghia théng ké trong phép do vi pham
d6i xting CP (SScpy) duge do bang ti s6 gitta bat d6i xting CP (Rcop) va
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sai s0 thong ke trong mau s6 lieu xuat hién clia neutrino vi electron: v, — v,

(Ostat ~ /P(v, — ve)) Vi

P (I/ — Ve) — P(I/_ — V_e) Rep
Rcp = £ - , S8 ~ . 3.22
CT P —m )+ P ) T P, > ) (3.22)

Xét dao dong neutrino trong chan khong, ta co:

P(v, = ve) — P, = V) =— 42% [U:iUeiUmU:j] sin A j; (3.23)

§>i
Py = ve)+ P — ) =—8> R[ULUsiUaiUp;] sin® Aji - (3.24)
>t
V6i gia tri nho ctia Agq , dit € = ﬁ—;i < 1, 4p dung cac cong thiexap xi sau:
sin A21 = SiIl(GAg;l) ~ €A31 + 0(63) (325)
1 1
sin? Ag; = 5 [1 — cos(2eAs1)] = 5 [1—(1+0(€))] =0+ O(e?) (3.26)
sin A32 = sin(A31 — Agl) ~ sin Agl — 6A31 COS A31 + 0(62) (327)
1
sin® Agy = 3 [1 — cos(2A31 — 2eA31)] = sin® Ag; — €Agq sin 2A5; + 0(62).
(3.28)
Khi dé ta viét lai:
P (VM — Ve) — P (V_M — V_e) ~ —2€/A31J123 cos B3 sin § sin? Asq (329)

P, —ve)+ Py, »>v.)~ 2 sin? Asq sin® 26013 sin? 03

+ €A31 sin 2A31 J123 cos 013 cos O (330)

Tu do suy ra:

—2€A31 J123 COS 913 sin sin2 Agl

RCP ~ ) . 9 ) .
2sin“ Agq sin® 2073 sin” 093 + €31 sin 2A 31 J123 cos 013 cos &

—6A31 J123 COS 913 sin 0 sin A31

sin Asq sin? 2013 sin? 023 + 2e/A3q1 cos Az J193 cos f13 cosd
—€A31 sin 2012 sin 2913 COS 013 sin 4 sin Agl

% sin A sin? 2613 tan fa3 + €As1 cos Agq sin 2015 sin 2015 cos 015 cos §

o —€A31 sin 2612 sin Agl sin (3 31)
 sin Agq sin 03 tan Oo3 + €Ay cos Asq sin 2015 cos § '
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Mzt khac, ching t6i ciing xét su thay doi ctia Rop theo su thay doi clia 6as.

Tu phuong trinh ta dat:
—1 i sin A31 sin (913 tan 923 —+ €A31 COS Agl sin 2012 cos 0 — Atan 923 4 B

RC’P N €A31 sin 2912 sin A31 sin
(3.32)
trong do:
sin 913 1
A= = . 3.33
€As3; sin 2019 sind’ tan Asj tan d (3.33)
Lay vi phan hai vé phuong trinh
-1 AR?
—— ) = Ad(tand 6 = P 50,3 3.34
0 (RCP> 8( an 23) — 0Rcp cos? 923 23 ( 3 )
Viét lai phuong trinh duéi dang;:
C
(3.35)

R =
“P = Dtan 0oz + &

trong do:
C = —€eA318in 2015 sin Azq sind, D = sin Agq sinfq3
E = eA3q cos Az sin 26015 cos

Két hop phuong trinh va[3.35] ta co:

2AC%5045
SRep = . 3.36
“F T D21 E? + (E% — D2) cos 2053 + 2DE sin 2045 (3:36)

.

Ap dung khai trién Taylor cho sin 2053 va cos 2053 xung quanh gia tri 7

) ™2 2 m\4
Sln2623 =1-2 (923 - Z) + g (023 - Z) + ceny (337)
s 4 3
COS 2923 = -2 (923 - Z) + § (923 - Z) + ... (338)
Stt dung phuong trinh va, dén bac hai, bd qua cac s6 hang bac 3 tré
lén, ta co:
2AC?50
SRep = 23 .
D2+ E? = 2(E? = D?) (023 — §) +2DE |1 -2 (023 — )°|
2AC?
¢ (3.39)

" D2+ E? —2(E2 — D¢+ 2DE(1 — 2€2)



75

v6i 5 = (5923 = 923 — % 1a df) léCh cua 923 khoi Vi tri cuc dai 7'('/4 Khi 5 > 0,
cac gia tri fo3 trong vung goc bat phan 16n hon 7/4 va khi £ < 0 cac gia tri

023 trong ving goc bat phan nhd hon 7 /4.

L = 295km, E = 0.6GeV L = 1000km, E = 0.6GeV
100 100
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Hinh 3.21: Sy bién thién cia Rcop nhu mot ham cia sy bién thién 023 khao

sat cho L = 295 km (hinh trai) va L = 1000km (hinh phai).

Ta thay, do nhay ctia phép do Rcop tai cac gia tri that clia 023 nam &
g6c bat phan nhé hon /4 thi 16n hon so v6i do nhay phép do Rep tai cac
vi tri 3 ndm trong géc bat phan 16n hon /4. Dac biét véi dudng co s6 L =
1000km, hiéu tng nay thé hién ré rét nhat. Dinh kem sai s6 hé théng clia cac
mau so6 lieu xuat hién o4, do nhay trong phép do pha vi pham déi xitng CP

khi d6 duge xéc dinh theo biéu thitc sau:

Rcp C
SS ~ = , 3.40
cpPv P(VM — Ve) (D tan 923 + E).2813823013 S11 Agl ( )

trong d6 Asz; > 0 va xac sudt xuat hién v, tit v, xét cho dao dong trong chan

khong duge xac dinh theo biéu thic xap xi sau:

P(v, — v.) = 453355515 sin” Ay (3.41)

Ta thdy, SScpy ti lé nghich véi tan fog vi sin® fag. Do d6, néu sin® 6,3 nhé
hon thi do nhay trong phép do pha vi pham doi xtiing CP t6t hon. Hay néi
cach khéc, phép do pha vi pham déi xitng CP c¢6 do nhay cao hon khi 653 nam
§ vi tri ¢6 goc bat phan nhé hon 7/4. Diéu nay 1a hoan toan phit hgp véi két

qua dugc dwa ra tit mo phong GLoBES.
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Do thi hinh mo6 t4 mobi quan hé gitta do nhay trong phép do pha vi
pham déi xitng CP va cac gia tri that cla sin? fy3 xét cho 2 truong hgp phan
bac khéi lugng. Ta thiy do nhay ctia phép do SScpy gidm khi sin? fo3 tang.
Tai cac gia tri that sin? fg3 > 0.5, gia tri SScpy nhd hon so v6i cac vi tri
c6 gia tri sin® 03 < 0.5, hay tai cac gia tri goc bat phan nhé hon /4, phép
do vi pham déi xting CP ¢6 do nhay cao hon do nhay phép do vi pham déi
xitng CP vdi céac gia tri goc bat phan 16n hon 7/4 . Diéu nay phu hgp véi suy
luan dugc dwa ra tir cong thic Dac biét tai vi tri may do c6 dudng co sé
L = 1000km, do nhay ctia phép do dugc cai thién ro rét.

Ngoai ra, chiing t6i dy dinh sé so sanh dai lugng dac trung véi do nhay
thitc t& ma ching toi tinh toan tit GLoBES dé kiém chitng sy mo ta thu dugc
tir dai luong 14 phit hop vé6i két qua thu duge tit mé phéng GLoBES. Cong

viéc nay sé dudc tiép tuc thiyc hién trong thoi gian téi.

AmE, =739 x 10° eV?c* Amg,=7.39 x 10° eVZc*

Statistical significant of CP violation in Hyper-K Statistical significant of CP violation in Hyper-K
4 4
£ L = 295km, E = 0.6GeV £ L = 295km, E = 0.6GeV
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Hinh 3.22: Khao sat dai lugng do nhay ctia phép do vi pham déi xing CP

(SScpyv) nhu mot ham clia cac gia tri that sin?6,3 trong thi nghiem Hyper-K.
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KET LUAN

Viéc gidi quyét tinh suy bién ctia géc tron lepton fa3 c6 vai trdo quan
trong trong vat 1y neutrino néi chung va phép do cac tham s6 dao dong néi
rieng. Néu 093 dudc do chinh x4c, tinh suy bién ciia cac tham sd dao dong
khac dugce cai thien va viec do xac suat sé thu dude bo t6 hop cac tham sb
dao dong c6 do chinh x4c cao. Hon thé nita néu a3 thyc sy bang /4 thi day
12 mot dau hiéu quan trong dé chi ra mot s6 tinh chat doéi xing chua dugc
biét clia thé hé lepton thit 2 va thé hée lepton thit 3. Véi viec nghién citu goc
tron 0.3 trong thi nghiem Hyper-K ching toi thu dudc céc két qua sau:

e Xay dung dugc mo hinh mo phéng thi nghiém Hyper-K sit dung chuong
trinh GLoBES va dat dugc syt moé phéng thi nghiém tuong déi hoan chinh véi
dit lisu mo phong MC chuan ciia thi nghiem Hyper-K.

e Chung t6i da tim ra dudc caAc phuong phap cai thién van dé goc bat
phan clia 0s3 tit sit phu thuoc clia cac mau dit lieu vao cac tham sd dao dong.
Céac két qua cho thay rang, su suy bién tham s6 dao dong 013 —dcp dnh hudng
dén kha ning do dac chinh xac 03 va cach cai thién géc bat phan 623 phu
thuoc vao cach ta xit 1y cac mdi quan hé suy bién ctia tham s6 dao dong trong
cdc mau so6 lieu xuat hien. Bang viéc rang buoc 03 tit thi nghiém Lo phan ting
hat nhan dong thoi st dung nguon c6 do nhay cao déi véi 013 — dcp trong thi
nghiém DUNE, géc bat phan ctia thi nghiém Hyper-K dugce cai thién hiéu qua
hon 33% so véi viéc chi st dung thi nghiem Hyper-K. Dong thdoi viéc gidm cac
sai sO6 thong ké tir tin hiéu goc va tin hiéu nhiéu ciing gép phan cai thien do

nhay ciia goc bat phan 0s3 trong thi nghiem Hyper-K, chi yéu dén tir cic sai
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s6 théng ké clia cac mau sd lieu xuat hien. Ching toi cling tim ra dai lugng
vat Iy mo td do nhay ctia goc bat phan 0235 (ORy,,) trong thi nghiém va khéo
sat no véi dit lieu thyc cia thi nghiem T2K.

e Bén canh do, ching toi kiém tra anh hudng ctia do nhay géc bat phan
dén phép do pha pha v& déi xing dcp trong thi nghiem Hyper-K. Cac két
qué chi ra rang, khi vi tri géc bat phan a3 dudc biét chinh xac cé thé cai
thien do nhay cho kha nang loai cic gia tri bdo toan CP. Hon thé nita, phép
do vi pham déi xitng CP c¢6 do nhay cao hon cho cac gia tri that dugc biét
clia sin? Ao < 0.5 so véi cac gia tri that cua sin? A3 > 0.5. Dai lugng mo ta
moi quan hé ctia do nhay géc bat phan 0y3 dén phép do dcp phu thuoc vao
t1 56 ctia bat ddi xing CP va céc sai s6 hé thong trong cac mau v, (SScpy).

Véi cac két qua nay, chung toi hy vong véi lugng dit lieu 16n tit cac thi
nghiém Hyper-K va cac thi nghiém khéac trong tuong lai nhu DUNE sé mang
lai kha nang do chinh xac 023 va gidi quyét van dé géc bat phan ctia né. Dong

thoi tim ra dau hiéu vi pham déi xing CP vé6i do chinh x4c cao nhéat.



1

2]

79

TAI LIEU THAM KHAO

Super-Kamiokande Collaboration, 1998, Measurement of day and night
neutrino energy spectra at SNO and constraints on neutrino mixing pa-

rameters, Phys. Rev. Lett., 81, pp. 1562-1567.

P.F.de Salas, D.V. Forero, S.Gariazzo, P.Martinez-Miravé, O.Mena,
C.A.Ternes, M.Toértola, J.W.F.Valle, 2021, 2020 Global reassess-
ment of the neutrino oscillation picture, J. High FEnerg. Phys., 71,
arXiv:2006.11237 [hep-ph].

Abe, K. and others, 2020, Constraint on the matter-antimatter
symmetry-violating phase in neutrino oscillations, Nature (London),

580(7803), pp. 339-344.

K.Abe et.al.(Hyper-Kamiokande  collaboration), 2018,  Hyper-
Kamiokande Design Report, arXiv:1805.04163v2 [physics.ins-det]

Ahmad, Q.Retal and others(SNO Collaboration), 2001, Measurement of
the rate of v, +d — p+p+e~ interactions produced by B solar neutrinos

at the Sudbury Neutrino Observatory, Phys. Rev. Lett., 87, 071301.

Ahmad, Q.Retal and others(SNO Collaboration), 2002, Direct evidence
for neutrino flavor transformation from neutral-current interactions in

the Sudbury Neutrino Observatory, Phys. Rev. Lett., 89(1), 011301.

S.L.Glashow, 1980, The Future of Elementary Particle Physics, Phys.
Rev. Lett. B, 61, 687, pp. 687-713.



8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

18]

[19]

80

R.N.Mohapatra and G.Senjanovi”, 1980 Neutrino Mass and Spontaneous
Parity Nonconservation, Phys. Rev. Lett., 44, 912.

Rabindra N.Mohapatra and Goran Senjanovi¢, 1981, Neutrino masses

and mixings in gauge models with spontaneous parity violation, Phys.

Rev. D., 23, 165.

J.Schechter and J.W.F.Valle, 1980, Neutrino masses in SU(2)® U(1) the-
ories, Phys. Rev. D., 22, 2227.

J.Schechter and J.W.F.Valle, 1982, Neutrino decay and spontaneous vi-
olation of lepton number, Phys. Rev. D., 25, 774.

A.Y.Smirnov and M.Tanimoto, 1997, Is Zee model the model of neutrino

masses?, Phys. Rev. D., 66, 1665.

C.Jarlskog, M.Matsuda, S.Skadhauge and M.Tanimoto, 1999, Zee mass

matrix and bimaximal neutrino mixing, Phys. Lett. B, 449, 240.

Y.Koide, 2001, Can the Zee model explain the observed neutrino data?,
Phys. Rev. D, 64, 077301.

E.Ma, 2001, Neutrino, lepton, and quark masses in supersymmetry, Phys.
Rev. D, 64, 097302.

E.Ma, 2006, Supersymmetric Model of Radiative Seesaw Majorana Neu-
trino Masses, Annales Fond. Broglie, 31, 285.

M.Singer, J.W.F.Valle, and J.Schechter, 1980, Canonical neutral current
predictions from the weak electromagnetic gauge group SU(3) x U(1),
Phys. Rev. D, 22, 738.

F.Pisano and V.Pleitez, 1992, SU(3)®U(1) model for electroweak inter-
actions, Phys. Rev. D, 46, 410.

P.H.Frampton, 1992, Chiral dilepton model and the flavor question, Phys.
Rev. Lett, 69, 2889.



20]

[21]

22]

23]

[24]

[25]

[26]

27]

28]

[29]

81

R.Foot, O.F.Hernandez, P.Pisano and V.Pleitez, 1993, Lepton masses in
an SU(3)r, ® U(1)n gauge model, Phys. Rev. D, 47, 4158.

J.C.Montero, F.Pisano, and V.Pleitez, 1993, Neutral currents and
Glashow-Iliopoulos-Maian mechanism in SU(3), x U (1) y models for elec-

troweak interactions, Phys. Rev. D, 47, 2918.

H. N. Long, 1996, SU(3)r ® U(1) y model for right-handed neutrino neu-
tral currents, Phys. Rev. D 54, 4691.

J.C.Pati and A.Salam, 1974, Lepton number as the fourth color, Phys.
Rev. D, 10, 275.

R.N.Mohapatra and J.C.Pati, 1975, Gauge symmetry and an isoconjugate
model of CP violation, Phys. Rev. D, 11, 566.

Maki, Ziro and Nakagawa, Masami and Sakata, Shoichi, 1962, Remarks
on the unified model of elementary particles, Prog. Theor. Phys., 28(5),
pp. 870-880.

Pontecorvo, Bruno, 1968, Neutrino experiments and the problem of con-

servation of leptonic charge, Sov. Phys. JETP, 26, pp. 984-988.

T.V.Ngoc, C.V.Son and N.T.H.Van, 2018, Combined Sensitivity of T2K-
IT and NOvA Experiments to CP Violation in Lepton Sector, Communi-
cations in Physics], 28(4), pp.337-349.

Monojit Ghosh, Pomita Ghoshal, Srubabati Goswami, Newton Nath, and
Sushant K. Raut, 2016, New look at the degeneracies in the neutrino
oscillation parameters, and their resolution by T2K, NOrvA and ICAL,
Phys. Rev. D, 93, 013013.

K.Eguchi et.al. (KamLAND Collaboration), 2003, First Results
from KamLAND: Evidence for Reactor Anti-Neutrino Disappearance,

Phys.Rev. Lett., 90, 021802.



[30]

[31]

32]

33]

[34]

[35]

[36]

37]

38]

39]

82

Araki, T. et.al (KamLAND Collaboration), 2005, Measurement of Neu-
trino Oscillation with KamLAND: Evidence of Spectral Distortion,
Phys.Rev. Lett., 94, 081801.

Z.Djurcic, Zelimir et.al (JUNO Collaboration), 2015, JUNO Conceptual
Design Report, arXiv:1508.07166 [physics.ins-det].

Abe, Y. and others (Double Chooz Collaboration), 2012, Indication of
Reactor 7, Disappearance in the Double Chooz Experiment, Phys. Rev.

Lett., 108, 131801.

An, F. P. and others, 2012, Observation of Electron-Antineutrino Disap-
pearance at Daya Bay, Phys. Rev. Lett., 108, 171803.

Ahn, J.K. and others (RENO Collaboration), 2012, Observation of Re-
actor Electron Antineutrinos Disappearance in the RENO Experiment,

Phys. Rev. Lett, 108, 191802.

S. Cao, A.Nath, T.V.Ngoc, Ng.K.Francis, N.T.Hong Van, and P.T.Quyen,
2021, Physics potential of the combined sensitivity of T2K-II, NovA ex-
tension, and JUNO, Phys. Rev. D, 103, 112010.

Abe, K. and others, 2021, T2K measurements of muon neutrino and
antineutrino disappearance using 3.13 x 102! protons on target, Phys.

Rev. D, 103, 011101.

Ayres, D.S. and others (NOvA Collaboration), 2007, The NOvA Techni-
cal Design Report, DOI: 10.2172/935497.

Acero, M.A. and others (NOvA Collaboration), 2018, New constraints on
oscillation parameters from v, appearance and v, disappearance in the

NOvA experiment, Phys.Rev.D, 98, 032012 , DOI: 10.2172/935497.

Acero, M.A. and others (NOvA Collaboration), 2019, First Measurement,
of Neutrino Oscillation Parameters using Neutrinos and Antineutrinos by

NOvVA, Phys. Rev. Lett., 123, 151803.



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

83

T.Alion et.al. (DUNE collaboration), 2016, Experiment Simulation Con-
figurations Used in DUNE CDR, arXiv:1606.09550 [physics.ins-det].

Esteban, Ivan and Gonzalez-Garcia, M.C. and Hernandez-Cabezudo, Al-
varo and Maltoni, Michele, and Schwetz, Thomas, 2019, Global analysis
of three-flavour neutrino oscillations: synergies and tensions in the deter-
mination of A3, dcp, and the mass ordering, J. High Energy Phys., 01,
106.

A .Ferrero and T2K Collaboration, 2009, The ND280 Near Detector of
the T2K Experiment, AIP Conference Proceedings 1189, 77.

P. Huber et.al., 2007, GLoBES General Long Baseline Experiment Sim-
ulator, Comput. Phys. Commun., 177 432.

P.Huber, M.Lindner, W.Winter, 2005, Simulation of long-baseline neu-
trino oscillation experiments with GLoBES, Comput. Phys. Commun.,

167, 195.

Huber, Patrick and Kopp, Joachim and Lindner, Manfred and Rolinec,
Mark, and Winter, Walter, 2007, New features in the simulation of neu-
trino oscillation experiments with GLoBES, Comput. Phys. Commun.,

177(5), pp. 432-438.

Messier, Mark D., 1999, Fvidence for neutrino mass from observations of

atmospheric neutrinos with Super-Kamiokande, Boston University, UMI-

99-23965.

Paschos, E.A. and Yu, J. Y., 2002, Neutrino interactions in oscillation

experiments, Physical Review D 65, 033002.

Dziewonski, Adam M and Anderson, Don L, 1981, Preliminary reference

Earth model (PREM), Phys. Earth Planet. Interiors, 25(4), pp.297-356.

Claudio Giganti, Stéphane Lavignac, Marco Zito, 2017, Neutrino oscilla-
tions: the rise of the PMNS paradigm, arXiv:1710.00715 [hep-ex].



84

[50] K.Abe et.al., 2021, Improved constraints on neutrino mixing from the
T2K experiment with 3.13 x 10%! protons on target, Phys. Rev. D, 103,
112008, arXiv:2101.03779v3 [hep-ex].



85

PHU LUC

A. CHI TIET CAU LENH CHO MO TA TEP AEDL CHO
THI NGHIEM HYPER-K

Muc dich ctia tép AEDL 1a mo t4 mot s6 lugng 16n cac thiét 1ap cho mot
thi nghiém phiic tap ho#c cac thi nghiém khac nhau bang mot s6 gi6i han cac
tham s6 trong mot cau tric dit lieu. AEDL 13 noi cac thi nghiem duge mo ta
chi tiét nhat, dugc dat tén theo cau triac “Ten_ file.glb”. Két cau cho mot tép
AEDL bao gom tap hdp cac thong tin ciia thi nghiem dé xac dinh cac kénh
“channel” va thiét lap nén cac quy tac “rule” dé xac dinh dau la tin hieu gbc,
tin hieéu nhidu va sai s6 théng ké tuong ting. Cac thanh phan dé xac dinh mot

kénh dugc mo ta trén hinh

.....................................................................

Energy— Cross
[ Resolution ] { et

function flavor, polarity|

E Energy

[ - -

: efficiencies
Event rates

---------------------------------------------------------------------

Initial / final }

Hinh 3.23: Két cau mot kenh [43].

Cac thong tin dé xac dinh mot kénh dude mo ta nhu sau:
e Thong lugng neutrino “Fluz” tit nguon duge cung cap cho tép AEDL
theo cau truc nhu hinh



1* #HHH Beam flux #HHERAHE |
nuflux(#JHFplus)<
@flux_file="JHFplus.dat"
@time =2.5 [* years */
@power =130  /* MW (proton intensity) */
@norm = 39.0104

>
nuflux(#JHFminus)<
@flux_file="JHFminus.dat"
@time=75 [* years */
@power = 1.30 /* MW (proton intensity)*/
@norm = 39.0104

-—=
v

Hinh 3.24: Cau lénh mo ta thong tin thong lugng ctia thi nghiém Hyper-K.

Trong do6, thong lugng duge tai tit tép dit lieu ngoai cé tén “JHFplus.dat”
cho v-mode va “JHFminus.dat” cho v-mode, @time la thoi gian chay thi

nghiém, @power 13 cong suat chiim proton. Bién s6 @norm xac dinh theo

cong thic

1 [(GeV\ (cm? L\°/r _38 Ly,
Qnorm = ) (AE) ( T ) (km) <m—u> x 1077 x (?) (3.42)

Gia st rang trong tép thong luong, dit lieu duge cung cap duéi dang sé neutrino

trén mot don vi dién tich A, AF 1a bé rong nang lugng ctia mdi bin (khoang
chia gia tri clia biéu do niang lugng) & khoang cach L tit ngudn, 7 14 s6 proton
trong nudc, khéi lugng bia m,, (kton). £ la tham s6 ding dé lam phit hop
v6i tat cd cac don vi clia cac tham s6 trong cong thic trén.

e Tuong ty, dit liu tiét dien tan xa “Cross section” ciing duge cung cap

bdi ngudi st dung vdi cau tric nhu trong hinh

e —

I* ##HHHEHEHE Cross sections #EEEHEHE */
cross(#CC)<
@cross_file = "XCC.dat"
-
cross(#CCnonQE)<
@cross_file = "XCCnonQE.dat"

-
cross(#NC)<
@cross_file = "XNC.dat"

=
cross(#QE)<
@cross_file = "XQE .dat”

Hinh 3.25: Cau lenh mo ta thong tin tiét dién tdn xa ciia thi nghiem Hyper-K.
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e Ham xac dinh do phan gidi ning luong dude xac dinh béi ba tham s6

a, 3,7 trong dé6 mbi quan hé giita cac tham s6 dugc thé hién nhu sau:
o(E)=a.E+BNVE +~ (3.43)

D6 phan giai ning luong c6 thé dudc cung cap riéng biét cho cac loai tuong
tac khac nhau. Cau tric cau lenh cho viéc cung cap do phan giai nang lugng
trong tép AEDL tuong ting véi viéc cung cap cac thong s6 thiét 1lap cho «, 3, v
theo cau trac nhu hinh Cac thong s6 nay c6 thé duge diéu chinh dé c6
duge sy phut hgp cho sy mé phéng thi nghiém. Thi nghiém Hyper-K st dung
3 ham phan giai ning lugng cho 3 loai tuong tac: CCQE, CCnonQE va NC
dugc xac dinh nhu sau:

__________________________________________

I* HiHHEHAE Energy resolution #HAHHHAE ¥/ i
energy(#ERES) < i
@type = 1 !
@sigma_e ={0.0,0.03,0.085} E

|

i

>

energy(#ERESNONQE)<

@type = 1

@sigma_e = {0.0,0.03,0.085}
>
energy(#ERESNC)<

@type =1

@sigma_e = {0.0,0.03,0.085}

[ s —————

Hinh 3.26: Cac ham phan giai nang lugng cho thi nghiém Hyper-K.

e Khi d6 cau tric xac dinh cidc kénh trong thi nghiem duge xac dinh

nhu hinh

[*##HHHE Channels #HHHHE
channel(#nu_mu_disappearance_CC)<

@channel = #JHFplus: +: #CC: #ERES

3
3

3 Energy
Initial flavor  Final flavor Cross section resolution

L
)

Hinh 3.27: Cau trac xac dinh mot kénh tuong tac.
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Trong d6 cac thanh phan clia kénh dugce viét theo thit ty: thong lugng
neutrino (phan neutrino), dau dé xac dinh neutrino (phan neutrino) & trang
thai dau véi (+) cho neutrino va (-) cho phan neutrino, loai neutrino trang
thai dau, neutrino trang thai cudi, tiét dién tan xa vi ham phan gidi ning
lugng.

Mo6i mot thi nghiem duge xac dinh béi tap hgp cac kénh khac nhau va
duge két hop dé tao thanh cac thanh phan ciia tin hieu gbe “signal”, tin hieu
nhiéu “background” va xac dinh mot quy tac “rule” ctia thi nghiém. Dinh dang
clia mdi quy tic c¢6 hai phan: phan dau mo ta cac sy kién duge xem la tin
hiéu gbc, tin hiéu nhidu va phan tht hai chi ré nhitng sai s6 hé théng tuong
ting cho tin hiéu goc “@signalerror” va tin hiéu nhiéu “@backgrounderror”. Céac
thanh phan @signalerror va @backgrounderror xac dinh cac sai s6 hé thong
tuong ing véi tin higu goc (@signal) va tin higu nhiéu (@background). Mbi
@signalerror(@backgrounderror) chita hai phan tit bao gom hé s6 chuan hoéa
cho sai s6 he thong ciia tin hiéu gdc (tin hiéu nhiéu) (vi du trén hinh
14 5% cho tin hiéu goc va 10% cho tin hiéu nhidu) v& hé s6 hiéu chuan nang
lugng cho sai 6 hé thong clia tin hieu goc (tin hi¢u nhiéu) (trén hinh 13
2.5% cho tin hiéu gbéc va tin hiéu nhiéu). Cac sai s6 nay luon di cip véi nhau.

Thi nghiém Hyper-K st dung cd 4 mau dao dong thiét 1ap nén 4 quy tac:
v, — V. (hinh , v, — V. (hinh , v, — v, (hinh Va U, — Uy
(hinh . Trong d6, cic hé s6 gan véi cac kénh trong cac thanh phan clia
tin hiéu goc va tin hiéu nhiéu la hiéu suit/hé sé chuan hoa tong thé duge xac

dinh bdéi cac thuoc tinh cia bo do.
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[* HHHHHHA Setting rules #HHH#HH
rule(#NU_E_Appearance_QE)<
@signal = 0.616029553@#nu_e_appearance_QE :0.4581477651@#nu_e_bar_appearance_QE
@signalerror = 0.05 : 0.025

@background = 0.0007607394@#nu_mu_disappearance_CC : 0.0@#nu_mu_bar_disappearance_CC
: 0.2356418284@#nu_e_beam : 0.121187226@#nu_e_bar_beam : 0.00316363@#NC_bckg
@backgrounderror = 0.1 : 0.025

@sys_on_function = "chiSpectrumTilt"
@sys_off_function = "chiNoSysSpectrum"
@energy_window =0.10: 1.3 :

Hinh 3.28: Quy tdc xac dinh cho mau dao dong v, — ve.

1

rule(#¥NU_E_BAR_Appearance_QE)<
@signal = 0.6857687477T@#ANTI_nu_e_bar_appearance_QE : 0.4358699668@#ANTI_nu_e_appearance_QE
@signalerror = 0.05 : 0.025

@background = 0.0002282218@#ANTI_nu_mu_disappearance_CC
:0.0001521479@H#ANTI_nu_mu_bar_disappearance_CC
1 0.1298434565@#ANTI_nu_e_beam : 0.2962354415@#ANTI_nu_e_bar_beam
1 0.00453422@#NC_bar_bckg : 0.00453422@#NC_bar_bckg_ws
@backgrounderror = 0.1 : 0.025

@sys_on_function = "chiSpectrumTilt"
@sys_off_function = "chiNoSysSpectrum”
@energy_window =0.10: 1.3

Hinh 3.29: Quy tac xac dinh cho mau dao dong Uy — Ve.

rule(#NU_MU_Disapperance_QE)< i
@signal = 0.696898218602@#nu_mu_disappearance_QE
1 0.156923724061@#nu_mu_disappearance_nonQE
: 0.732126040641@#nu_mu_bar_disappearance_QE
:0.405575808562@#nu_mu_bar_disappearance_nonQE
@signalerror = 0.05 : 0.025

@background = 0.004231656@#nu_e_beam : 0.000597602634@#nu_e_bar_beam
:0.0113324@#NC_bckg_dis : 0.010154@#nu_e_appearance_CC
@backgrounderror = 0.1 : 0.025

@sys_on_function = "chiSpectrumTilt"
@sys_off_function = "chiNoSysSpectrum”
@energy_window = 0.20 : 5.05

ettt |

Hinh 3.30: Quy tdc xac dinh cho mau dao dong v, — v,,.



rule(#NU_MU_BAR_Disappearance_QE)<
@signal = 0.730594396204@#ANTI_nu_mu_bar_disappearance_QE
:0.673923552054@#ANTI_nu_mu_disappearance_QE
1 0.15237521032@#ANTI_nu_mu_disappearance_nonQE
1 0.415430921668@#ANTI_nu_mu_bar_disappearance_nonQE
@signalerror = 0.05 : 0.025

@background = 0.000852172683@#ANTI_nu_e_beam : 0.003011241951@#ANTI|_nu_e_bar_beam
: 0.0139497@#NC_bar_bckg_dis : 0.0139497@#NC_bar_bckg_ws_dis
: 0.0046@#ANTI_nu_e_appearance_CC

@backgrounderror = 0.1 : 0.025

@sys_on_function = "chiSpectrumTilt"
@sys_off_function = "chiNoSysSpectrum"
@energy_window = 0.20 : 5.05

[e=====mmmmmmmmmmmm—mmmmmmmmmmmmmmmmmmmmm e

Hinh 3.31: Quy tdc xac dinh cho mau dao dong v, — 7,.

Bén canh dé, viec x Iy va diéu khién cac sai s6 hé théng c6 thé duge
chi dinh trong @sys on_ function (cho phép bat, st dung cac he théng sai s6
khi xit Iy dit lieu) va @sys_ off function (khi tat, khong xét dén cac hé thong
sai s6 trong xit Iy dit lieu). Cac chi tiét c6 thé tham khéo tai [43].

I*#HEHHA Detector settings ##HHAE
Starget_mass = 187. /* kt (fiducial mass)*/
[*tHEHHAE Energy window ##HEHE/

Sbins = 99

Semin = 0.1 /* GeV */

Semax = 5.05 /* GeV */

[*#HEHHAE Baseline setting #HHE
Sprofiletype = 1

Sbhaseline = 295.0 /* km */

I#HEHA Technical information ##HEHE
Sfilter_state =0

Sfilter_value = 1000000

Hinh 3.32: Cac tham s6 khac can thiét 1ap cho bo do thi nghiem Hyper-K.

e Ngoai ra, tép AEDL ciing cung cap thong tin cai dat cho bo do ctia thi
nghiém bao gom khéi lugng bia (@target mass), s6 khoang chia cita s6 nang
luong ($bins, $emin, $emax), cac thiét 1ap cho dudng co sé (loai cau hinh, do
dai duong co sG), cac thong tin ky thuat (trang thai bo loc, gia tri bo loc,...).
Céu trac cau lenh mo ta cho thong tin dit lieu dude thé hieén trong hinh
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B. HIEU CHINH CAC HAM PHAN GIAI NANG LUQNG
CHO MO PHONG THI NGHIEM HYPER-KAMIOKANDE

Energy resolution with CCQE Energy resolution with CCnonQE
3 3
26120 26120
E #ERES @sigma_e = {0.0,0.03,0.085} E #ERESNONQE @sigma_e = {0.0,0.03,0.085}
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Hinh 3.33: Hinh (a), (b), (c¢) theo thi tu khéo sat &nh hudéng ham phan giai
ning luong cia CCQE, CCnonQE va NC dén do nhay phép do sin® 053 — Am3,
tai 90%C.L . Hinh (d) st dung cac ham phan giai nang lugng cho két qua phu
hgp nhat v6i mo phéng MC ciia Hyper-K.
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C. KHAO SAT ANH HUOGNG CUA CAC YEU TO KHAC
DEN DO NHAY GOC BAT PHAN ¢,; TRONG THi NGHIEM
HYPER-KAMIOKANDE

— #ERES sigma_e ={0.02,0.03,0.15}
— #ERES sigma_e ={0.02,0.075,0.15}

— #ERES sigma_e ={0.02,0.075,0.15}

— #ERES sigma_e ={0.03,0.075,0.15}
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Hinh 3.34: Hinh (a), (b), (c) khéo sat 4nh hudng cdc thanh phan ciia ham
phan gidi ning luong clia tuong tac CCQE (tuong tac déng gép nhiéu nhat
dén ti le sy kién thu dugc) dén do nhay géc bat phan a3 trong thi nghiem
Hyper-K. Hinh (d) khao sat anh hudng ctia ti s6 thoi gian chay may gitta
v-mode va 7-mode dén do nhay géc bat phan a3 trong thi nghiem Hyper-K

xét cho tong thoi gian chay may 14 10 nam.
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